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GAS-ENGINE  REGULATION  FOR  DIRECT-CONNECTED 

UNITS 


BY  CHARLES  E.  LUCKE 


The  speed  of  an  engine  may  be  expressed  in  revolutions  per 
minute,  or  in  terms  of  the  linear  velocity  of  the  crank-pin  in 
feet  per  minute.  Revolutions  per  minute  is  rather  more  in- 
definite than  crank-pin  velocity  in  feet  per  minute,  because 
feet  per  minute  is  accepted  as  not  simply  a  measurement  for 
a  minute  of  time,  whereas  revolutions  per  minute  more  frequently 
is.  Revolutions  per  minute  may  mean  half  the  actual  num- 
ber of  revolutions  completed  in  two  minutes  or  twice  the  num- 
ber of  revolutions  completed  in  one-half  minute,  or  it  may 
mean  the  momentary  rate  of  completing  a  revolution  without 
any  implied  time.  As  there  is  a  possibility  of  a  lack  of  agree- 
ment on  the  implication  in  the  term  revolutions  per  minute,  I 
should  prefer  to  define  the  engine-speed  in  terms  of  crank-pin 
velocity  in  feet  per  minute,  which  can  be  expressed  momentarily 
for  any  period  of  time,  and  does  not  imply  any  particular  time. 
This  velocity  so  expressed  is  the  integral  of  the  accelerating 
forces  with  respect  to  time,  and  in  fact  may  be  so  defined  ac- 
cording to  the  laws  of  mechanics. 

The  problem  of  regulation  is  really  a  problem  of  force  bal- 
ancing, and  there  are  always  two  forces  or  two  resultant  forces 
in  question:  one  a  driving  tangential  force  on  the  crank  pin, 
the  other  a  resisting  tangential  force  at  the  same  place.  When 
these  two  forces  are  equal  the  acceleration  is  zero,  and  its  in- 
tegral, the  engine-speed,  is  constant.  If  these  forces  are  un- 
equal there  is  a  real  acceleration,  due  to  their  difference,  either 
positive  or  negative,  and  the  engine-speed  changes.  The 
problem  of  regulation  resolves  itself  into  a  demand  for  a  balancing 
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of  forces  at  the  crank  pin  after  the  desire^i  speed  is  once  at- 
tained. The  exact  solution  of  this  problem  is  impossible  and 
always  will  be,  regardless  of  the  type  of  engine  or  the  conditions 
of  operation.  While  it  is  impossible  ever  to  keep  the  accelera- 
tion zero,  and  the  actual  engine-speed  constant  and  of  pre- 
determined velocity,  it  is  by  no  means  impossible  to  keep  the 
mean  of  these  driving  and  resisting  forces  equal  for  certain 
periods  of  time,  and  the  mean  resultant  speed  any  constant  value 
desired.  The  prime  variable  in  the  problem  is  the  resisting 
force,  generally  expressed  in  terms  of  load;  but  as  load  does 
not  accurately  describe  actual  resisting  force,  regulation  cannot 
be  directly  studied  from  load  alone  and  load  must  be  resolved 
back  to  force.  Practically  all  of  the  work  that  has  been  done 
in  the  solution  of  this  problem  of  regulation  in  practice  has 
concerned  itself,  either  directly  or  indirectly,  with  the  problem 
of  securing  a  mean  of  equality  or  an  equality  of  mean  forces 
for  some  time-period,  and  a  speed  limitation  by  introducing 
heavy  rotors. 

This  sort  of  study  is  decidedly  useful  but  it  does  not  give  as 
clearly  the  nature  of  the  problem  or  the  available  means  of  its 
solution  as  does  the  other  point  of  view,  which  calls  for  a  com- 
parison of  actual  momentary  forces  and  not  mean  forces,  and 
further  may  lead  to  misinterpretation  of  results  obtained.  The 
problem  of  regulating  steam  engines  has  been  discussed  for 
many,  many  years;  the  problem  of  '•egulating  gas  engines  for 
comparatively  few  years.  By  regulating  1  do  not  mean  merely 
the  preventing  of  undue  and  dangerous  speeds,  but  the  problem 
of  securing  uniform  crank-pin  velocities.  There  really  existed 
no  such  problem  calling  for  solution  by  mechanical  engineers 
until  electrical  engineering  developed  a  demand  for  a  djrnamo 
driven  at  a  constant  crank-pin  velocity.  The  demand  for  this 
close  regulation,  therefore,  is  recent,  but  more  recent  still  is 
the  development  of  the  large  commercial  gas  engine.  The 
methods  and  means  for  accomplishing  regulation  of  steam  en- 
gines have  been  very  fully  discussed,  although  the  problem  is 
by  no  means  solved.  There  are  many  papers  written  on  the 
subject,  and  a  few  of  these  will  be  examined.  In  general, 
however,  they  present  limited  data  and  only  a  part  solution  of 
the  problem.  An  analysis  of  the  problem  of  regulating  steam 
engines  will  show  it  to  consist  of  a  few  elemental  problems, 
each  equally  important,  some  interdependent  and  some  de- 
pendent.    Some  of  these  elementary  problems  are  precisely  the 
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same  for  the  steam  engine  as  for  the  gas  engine,  and  it  is  de- 
sirable that  those  interested  in  solving  the  gas-engine  problem 
should  have  a  clear  understanding  of  what  has  been  accom- 
plished in  the  regulation  of  the  steam  engine.  It  will  be  found 
that  a  good  many  of  the  steam-engine  problems  have  been  fairly 
well  solved,  and  this  experience  can  be  applied  directly  to  the 
gas  engine;  but  there  are  certain  characteristics  of  the  gas 
engine  which  must  be  separately  treated  and  which  differentiate 
its  regulation  problem  from  that  of  the  steam  engine. 
.  Among  the  numerous  papers  on  regulation  and  engine  gov- 
erning, all  the  early  ones  are  concerned  with  governors.  Until 
about  1898,  when  parallel  operation  of  alternators  became  an 
important  problem,  it  is  surprising  what  a  large  amount  of  the 
literature  reveals  the  idea  that  engine  regulation  is  a  problem 
of  governor  design.  While  up  to  that  time  this  may  have  been 
more  or  less  justified  in  view  of  the  kind  of  regulation  necessary, 
it  is  no  longer  the  case;  governor  design,  important  as  it  is  in 
limiting  mean  speeds  and  keeping  mean  speeds  at  high  and  low 
loads  close  together,  is  to-day  only  one  factor  in  solving  prob- 
lems of  regulation  calling  for  uniform  crank-pin  velocities. 
Following  two  or  three  years'  strenuous  experience  in  regulation 
of  steam  engines  for  driving  alternators  in  parallel,  there  ap- 
peared a  remarkable  series  of  papers  before  the  American 
Society  of  Mechanical  Engineers  and  the  American  Institute  of 
Electrical  Engineers  setting  forth  the  problem  and  giving  some 
of  the  experience  gained. 

It  is  rather  a  noteworthy  fact  and  coincidence  that  during 
the  same  period  the  gas  engine  as  a  competitor  of  the  steam 
engine  for  general  power  purposes  came  into  rapid  develop- 
ment. At  first  economy  was  sought,  and  found;  then  life  and 
low  maintenance,  which  to-day  is  still  a  problem,  together 
with  gas-engine  regulation  for  electrical  work  and  the  design 
for  special  service  of  special  gas  engines. 

An  examination  of  the  early  papers  on  governors  will  show 
that  the  design  of  masses  developing  centrifugal  and  so-called 
inertia  forces  for  controlHng  valve-gears  is  fairly  well  under- 
stood. Barring  the  unknown  elements  of  windage,  friction, 
and  valve-gear  resistance,  the  problem  is  one  of  simple  mechan- 
ics. The  papers  on  steam-engine  regulation  show  considerably 
more  co'  problem.    Some  of  the  important  ones  are 

worth  Irst  a  few  elementary  principles  will  clarify 
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Every  engine  has  some  form  of  valve-gear.  This  valve-gear 
is  intended  to  distribute  steam  in  steam  engines ,  to  measure  air 
and  gas  in  gas  engines,  mix  them,  distribute  the  mixture,  ignite 
it,  and  then  more  or  less  expel  the  products.  This  valve-gear, 
in  engines  intended  for  speed  regulation,  is  adjustable  either 
wholly  or  in  part.  The  adjustable  part  is  adjusted  to  enable 
the  engine  to  do  an  amount  of  work  commensurate  with  the 
resistance  or  load.  A  certain  number  of  strokes  is  necessary 
for  a  complete  cycle  of  operations.  When  the  work  done  by 
the  engine  in  this  complete  cycle  equals  the  resisting  work  or 
the  load,  the  engine  will  always  have  at  the  end  of  each  cycle 
the  same  speed  as  at  the  beginning,  however  it  may  vary  during 
the  execution  of  the  cycle. 

A  change  in  the  position  of  the  valve-gear  will  change  the 
amount  of  work  the  engine  is  capable  of  doing  by  a  change 
either  in  the  steam  distribution  or  in  the  handling  of  explosive 
mixtures.  If  the  engine  is  to  be  commercial,  the  first  requisite 
is  that  the  amount  of  work  the  engine  is  capable  of  doing  must 
be  dependent  upon  and  determined  by  the  position  of  the  ad- 
justable part  of  the  valve-gear,  and  that  for  any  given  position 
of  the  valve-gear,  regardless  of  all  previous  positions,  the  engine 
should  be  capable  of  doing  the  same  amount  of  work  every  time 
the  gear  reaches  this  position.  The  amount  of  work  done  by 
the  engine  is  proportional  to  the  area  of  its  indicator  card,  so 
that  the  first  requisite  for  an  engine  capable  of  close  regulation 
is  that  for  any  given  position  of  the  valve-gear  there  must 
always  be  produced  the  same  area  of  indicator  card,  and  for 
any  other  position  a  different  indicator  card,  different  in  area, 
and  possibly,  although  not  essentially,  different  in  form.  To 
fix  the  position  of  the  adjustable  valve-gear  there  is  but  one 
principle  employed,  and  that  is  to  leave  it  to  the  control  of  the 
centrifugal  force  acting  through  the  governor.  The  centrifugal 
governor  contains  elements  which  have  fixed  positions  for  every 
speed.  These  elements  are  connected  with  the  valve-gear  so 
that  it  will  have  a  fixed  position  for  every  different  speed.  With 
this  combination,  therefore,  of  a  governor  and  valve-gear  having 
a  fixed  position  for  every  speed  and  an  engine-control  valve, 
igniters,  etc.,  giving  a  fixed  amount  of  work  and  a  fixed  indi- 
cator card  for  every  position,  there  will  result  a  mechanism  in 
which  the  amount  of  work  done  per  cycle  by  the  engine  will 
depend  upon  the  speed.  It  is  always  the  same  at  any  given 
speed  and  cannot  be  changed  without  first  changing  the  speed. 
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Different  designs  of  governors  containing  different  distribu- 
tions of  the  masses,  different  fixed  speeds,  and  arrangements  of 
parts  differ  only  in  their  ability  to  move  the  valve-gear  a  certain 
distance  against  a  certain  resistance  in  a  certain  time  with  a 
given  speed-change.  It  is  a  problem  of  simple  mechanics  with 
a  few  unknown  elements  to  design  a  governor  that  will,  with  any 
given  change  inspeed,  1%,  2%  or  x%  above  or  below  the  mean  or 
average  for  the  cycle,  move  any  valve  gear,  however  strongly  it 
may  resist,  through  any  distance  it  may  be  necessary  to  move 
it,  and  as  quickly  as  may  be  necessary.  It  may  be  asstmied  as 
entirely  feasible,  and  not  by  any  means  difficult,  to  design  a 
governor  that  will  accomplish  any  valve  adjustment  in  as  short 
a  time  and  with  as  small  a  speed  as  may  be  desired.  There  must 
be,  however,  a  speed-change  before  the  governor  gear  can  move, 
and  if  the  engine  is  capable  of  doing  a  constant  amount  of  work 
per  cycle  for  every  governor  position  the  amount  of  work  per 
cycle  it  can  do  will  depend  upon  the  governor  positions  or 
speed.  The  mean  speed  for  the  cycle  will  be  constant  when  the 
work  of  the  cycle  done  is  equal  to  the  resistance  work ;  therefore, 
for  an  absolutely  steady  load,  in  which  the  resistance  per  cycle 
is  equal  to  the  effort  of  the  cycle,  the  mean  speed  will  be  con- 
stant and  the  governor  stand  still  holding  the  valve-gear  still. 

To  be  strictly  correct,  the  above  statement  should  be  modified 
because  centrifugal  governor  position  does  not  depend  upon  the 
mean  speed  for  the  cycle  but  upon  the  actual  momentary  speed, 
together  with  the  inertia,  friction,  etc.,  of  its  parts  and  attached 
gear.  If  the  work  done  per  cycle  is  exactly  equal  to  the  resist- 
ance work  for  the  cycle,  then  the  mean  speed  will  be  constant, 
but  the  actual  speed  during  the  cycle  may  vary  very  much. 
Consequently,  the  valve-gear  may  change  position  during  the 
cycle,  which  may  or  may  not  have,  but  probably  will  have, 
some  effect  upon  the  work  to  be  done.  To  stand  perfectly  still 
all  the  time,  the  governor  must  be  subject  to  a  constant  speed. 
This  can  be  obtained  only  with  a  persistent  equality  betw^een 
the  driving  force  and  the  resisting  force,  irrespective  of  the 
work  per  cycle.  Should  the  forces  change  throughout  the  cycle, 
the  governor  position  will  change,  cylinder  distribution  change, 
and  there  would  be  a  continual  changing  of  work  done,  alter- 
nately increasing  and  decreasing.  This  is  all  due  to  the  fact 
that  the  crank-pin  forces  throughout  the  cycle  do  not  maintain 
equality  and  the  valve-gear  and  work  done  per  cycle  depend, 
not  on  mean  speed,  but  on  actual  speed  in  every  instance, 
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which  is  a  consequence  of  the  equality  or  inequality  of  the 
two  crank-pin  forces.  With  a  centrifugal  governor,  therefore, 
even  if  the  engine  were  capable  of  giving  the  same  area  of 
cards  for  every  governor  position,  there  cannot  be  a  constancy 
of  speed  with  a  variation  of  resultant  crank-pin  force  throughout 
the  cycle.  The  governor  may  be  damped ;  that  is  to  say,  it  may 
be  made  less  sensitive  to  speed  changes  either  ty  dash-pots  or 
other  devices,  in  which  case  it  becomes,  not  a  simple  centrifugal 
governor,  whose  position  depends  upon  actual  momentary  speed, 
but  a  modified  centrifugal  governor  whose  position  depends  upon  a 
sustained  speed  or  mean  sustained  for  some  definite  length  of  time. 
For  such  a  governor  to  be  perfect  in  its  modifications  it  should 
have  a  position  consequent  on  the  mean  speed  for  the  cycle 
and  not  upon  the  actual  momentary  speed  at  any  instant.  If 
it  had  a  position  depending  upon  the  mean  speed  for  the  cycle, 
then  the  valve-gear  would  stand  still  when  the  work  done  was 
equal  to  the  load  for  the  cycle,  regardless  also  how  the  actual 
speed  may  have  changed.  The  actual  speed  in  such  a  case 
will  change  throughout  the  cycle,  but  the  mean  will  be  constant 
for  the  entire  cycle  and  a  predetermined  speed  reached  at  the 
end  of  every  cjrcle  with  no  undue  hunting  of  the  valve-gear 
from  an  over-sensitive  governor  in  combination  with  a  widely 
varjring  difference  between  widely  varying  crank-pin  forces. 
If  there  were  an  actual  equality  between  the  driving  force 
throughout  the  cycle  such  damping  of  the  governor  would  be 
harmful  instead  of  beneficial. 

Since  the  valve-gear  position  in  any  case  depends  upon  the 
governor  position,  and  this  upon  the  speed,  it  is  certain  that  the 
valve-gear  will  not  have  the  same  position  for  high  and  low 
speeds  or  at  the  same  time  when  little  work  is  being  done  the 
speed  cannot  be  the  same  as  when  much  work  is  being  done,  the 
amount  of  work  in  each  case  being  dependent  upon  the  position 
of  the  valve-gear.  In  an  engine  producing  the  same  indicator 
card  for  any  position  of  the  governor  gear,  which  is  controlled 
by  a  centrifugal  governor,  the  no-load  speed  must  be  higher  than 
the  full-load  speed,  though  each  mean  cycle  speed  may  be  con- 
stant if  the  load  is  constant. 

If  the  actual  load  varies  from  time  to  time  throughout  the 
cycle  of  the  engine,  giving  the  mean  load  a  constant  value  for 
the  cycle,  the  effect  will  be  the  same  as  that  obtained  with  a  con- 
stant actual  resistance  and  a  more  widely  varying  actual  effort, 
so  that  to  prevent  an  untimely  change  in  the  valve-gear  position 
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due  to  a  momentarily  changing  governor  position,  as  a  result  of 
this  crank-pin  force  discrepancy,  the  centrifugal  governor  will 
have  to  be  a  modified  centrifugal  governor  of  the  type  that  aims 
to  maintain  a  fixed  governor  position  for  the  mean  speed  of  the 
cycle  rather  than  for  the  actual  speed.  The  modification  of  a 
-governor  to  secure  this  aim,  as  was  mentioned  above,  of  the 
dash-pot  order,  involving  some  resistance  to  its  motion,  or  it 
may  be  a  long  belt  that  will  take  up  any  flapping  and  stretching 
momentary  changes,  driving  a  governor  having  considerable 
inertia — ^in  any  case  the  actual  speed-change  due  to  discrepancy 
between  the  forces  driving  and  resisting  may  be  reduced  by 
fly-wheel  inertia.  This  is  really  all  that  a  fly-wheel  does  in  an 
engine.  It  plays  no  part  whatever  in  the  adjustment  of  the 
equality  between  the  work  and  the  load,  but  reduces  the  actual 
speed  changes  due  to  disturbing  differences  between  the  driving 
and  resisting  forces.  No  matter  how  big  the  fly-wheel,  these 
speed-changes  will  exist  and  last  for  just  the  same  periods  of 
time  as  the  difference  between  the  driving  and  resisting  forces. 
Pure  inertia  governors  have  not  a  steady  position  dependent 
upon  the  speed ;  they  are  dependent  on  the  rate  of  speed-change 
for  their  motion,  and  are  useful  only  in  connection  with  centri- 
fugal governors,  to  bring  about  a  quick  change  in  valve-gear. 
It  has  been  said  that  the  design  of  these  governors  to  accom- 
plish the  desired  motion  of  the  valve-gear  any  instant  of  time, 
regardless  of  resistance,  is  a  simple  method.  It  is,  if  all  the 
elements  are  known.  Books  on  mechanics  enable  us  to  equate 
resisting  and  driving  moments  in  which  the  forces  and  loads, 
centrifugal  forces,  valve-gear  inertia,  pin  and  bearing  friction, 
and  possibly  steam  or  gas  friction,  and  windage.  It  is  possible  to 
find  all  of  the  existing  windage.  In  some  recent  tests  in  the  labora- 
tories at  Columbia  University.  I  have  been  able  to  show  that  the 
motion  of  the  governor  is  in  some  cases  not  more  than  one-half 
that  found  by  neglecting  friction  and  windage  in  the  governor  itselt . 
The  other  elements  unknown  are  valve-gear  inertia  and  mechani- 
cal friction,  but  it  should  be  possible  to  evaluate  these  by  simple 
test,  although  very  little  data  on  the  subject  are  in  existence. 
Even  with  all  these  elements  known,  it  may  be  extremely  likely 
that  cases  will  rise  calling  for  very  large  governors  due  to  a  desire 
for  prompt  action  against  considerable  resistance  on  the  part 
of  the  valve-gear,  having  a  considerable  motion  between  full- 
load  and  no-load  positions.  To  avoid  making  these  very  large 
governors,  the  indirect  system  of  governing  has  been  developed 
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in  which  the  governor  controls  no  more  than  a  pilot  valve,  which 
in  turn  distributes  fluid  pressure  to  pistons  controlling  the  gear 
proper.  These  pistons,  with  their  pilot  valves  under  governor 
control,  involve  another  complication  in  arrangement,  which, 
however,  is  for  the  sole  purpose  of  avoiding  too  large  sizes  in  the 
governor,  but  which  plays  no  part  in  the  regiilation  proper 
except  moving  the  valve-gear  as  a  simple  governor  might  move 
it.  In  all  these  devices  the  position  of  the  piston  should  coincide 
with  the  position  of  the  governor,  or,  to  put  it  otherwise,  with 
rapidly  varying  actual  forces  and  constancy  of  mean  work,  the 
piston-position  should  be  constant  and  related  to  the  mean  speed 
for  the  cycle,  while  in  this  case  the  governor  position  may 
actually  vary  as  it  will. 

With  a  constant  load,  the  valve-gear  attached  to  the  governor 
may  be  at  rest  or  in  oscillatory  motion,  depending  upon  whether 
there  is  a  difference  between  the  actual  forces,  driving  and  re- 
sisting; whether  the  governor  and  valve  gear  move  as  a  restilt  of 
actual  speed  or  a  sustained  or  mean  speed  for  the  cycle.  The 
discussion  so  far  applies  equally  well  to  the  steam  engines  and 
gas  engines,  and  so  far  as  the  governor  itself  is  concerned  with 
its  connection  to  the  valve-gear,  direct  or  indirect,  simple  cen- 
trifugal or  modified  centrifugal,  with  or  without  inertia  elements 
there  will  continue  to  be  no  difference  between  the  steam  engine 
and  the  gas  engine.  So  much  of  the  regulation,  therefore,  that 
depends  upon  governor  and  fly-wheel  design  itself  is  absolutely 
the  same  for  steam  and  gas  engines,  with  possibly  one  exception, 
that  of  a  simple  governor  taking  on  momentarily  new  positions, 
due  to  actual  speed  change  as  a  result  of  momentary  force-differ- 
ence, which  might  appear  that  for  the  gas  engine  or  the  steam 
engine  these  force  differences  shown  by  the  turning  effort 
diagram  may  be  more  inconsistent  for  one  than  the  other;  as 
a  matter  of  fact  they  are  not  except  in  special  cases.  It  is  after 
the  valve-gear  has  moved  under  the  influence  of  the  governor, 
either  from  a  sustained  speed-change  or  momentary  speed-change, 
direct  or  indirect,  that  the  real  difference  between  the  steam 
engine  and  the  gas  engine  is  found.  There  is  a  slight  difference 
that  will  be  met  with  in  the  constancy  of  the  indicator  card  for  a 
fixed  gear  position.  All  the  steam  valve-gears,  will  give  ab- 
solutely constant  cards  for  fixed  governor  positions,  while  only 
the  best  gas  engine  can  do  this.  The  cycle  of  operations  in 
a  gas-engine  cylinder  or  steam-engine  cylinder  occurs  in 
a  certain  order   and    the   control    gear   never  affects    all    the 
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phases  of  the  cycle.  If  an  adjiistment  is  made  after  the 
susceptible  phase  has  passed,  no  results  will  appear  until  all 
other  phases  have  been  completed.  The  indicator  card  of  the 
steam  engine  can  be  affected  positively  during  steam  admission 
only,  but  there  are  cases  in  which  the  compression  line  will  be 
correspondingly  affected.  If  the  governor  should  move  during 
the  admission  period  the  admission  may  be  immediately  affected, 
and  a  change  of  effort  immediately  follow  within  the  lapse  of 
part  of  one  stroke.  With  a  single  cylinder,  single-acting  steam 
engine,  after  cut-off,  the  governor  can  have  no  effect.  Expan- 
sion must  be  completed,  exhaust,  and  compression,  so  that  if  the 
governor  moves  the  valve  to  the  new  position  with  cut-off,  some- 
thing over  a  stroke  and  approaching  two  strokes  may  elapse 
before  a  change  in  effort  can  occur.  For  this  reason  no  single- 
cylinder,  single-acting  steam  engine  is  employed  for  close  regu- 
lation. By  using  a  double-acting  or  two-cylinder  engine  one 
stroke  can  be  cut  out  of  this  period  which  must  elapse,  or  approxi- 
mately one.  By  using  more  than  one  double-acting  cylinder  it 
becomes  possible  still  further  to  reduce  the  cylic  time,  which 
must  elapse  between  a  change  of  valve-gear  and  new  effort.  The 
common  type  of  large  power-station  engine  is  two  cylinder, 
compound  and  often  twin,  giving  four  double-acting  cylinders  at 
some  imdetermined  crank-angle,  so  that  only  a  fraction  of  one 
stroke  will  have  to  elapse  after  a  movement  of  the  valve-gear 
before  a  change  of  effort,  usually  quite  a  small  fraction. 

The  four-cycle  gas  engine  may  be  regulated  by  the  hit-and-miss 
govertior,  which  is  out  of  the  question  for  close  regulation  since 
there  is  absolutely  no  attempt  to  graduate  the  effort.  Next, 
there  are  throttling  governors,  which  vary  the  amount  of  mix- 
ture by  throttling  the  suction.  There  are  others  which  admit 
a  full  charge  during  suction  and  expel  part  of  it  at  compression 
by  holding  the  valve  open.  Still  another  class,  including  oil- 
engines like  the  Diesel  and  Homsby,  admit  fuel  at  or  near  the 
end  of  compression,  and  govern  by  varying  either  by  the  time 
of  the  injection  or  its  length,  generally  the  latter.  Two-cycle 
gas  engines  of  the  Korting  type  may  govern  by  acting  on  the 
suction  of  the  gas  pump  with  a  throttle  or  delayed  closure  by  any 
of  the  devices  used  on  four-cycle  engines,  or  it  may  govern  by 
bleeding  the  charge  in  the  gas  chamber  between  the  pump  and 
motor  cylinder.  In  both  two-  and  four-cyle  engines  there  may 
be  an  adjustment  of  the  igniter.  For  reducing  the  time  that 
will  elapse  between  the  valve  movement  and  the  beginning  of 
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a  new  effort  the  action  shoiild  take  place  as  late  as  possible  in 
the  cycle,  which  will  give  the  effect  as  early  as  possible  in  point 
of  time.  For  this  reason  a  delayed  opening  on  suction  will  be 
better  than  suction-throttling  by  a  fraction  of  a  stroke,  and 
correspondingly  the  igniter  action  will  be  as  prompt  as  affecting 
the  admission  as  the  steam  engine.  Equally  prompt  would 
be  a  fuel  injection  into  compressed  air  at  or  near  the  end.  No 
gas  engine  uses  this.  Unfortunately,  however,  for  any  igniter 
action,  even  a  slight  change  will  affect  the  economy  and  the  range, 
is  practically  in  only  one  direction.  If  the  igniter  is  set  right 
for  economy,  governor  action  can  take  place  only  to  make  it 
late  and  not  to  make  it  earlier  with  the  proper  effect.  Making 
it  late  will  reduce  the  effort  and  so  will  making  it  early,  whereas 
an  increase  in  effort  is  necessary  in  using  this  arrangement  for 
regulating.  In  order  to  have  a  proper  range  for  regulation  by  the 
ignition,  the  ignition  should  be  normally  set  between  properly 
early  and  very  late,  which  gives  poor  economy.  In  any  case 
where  ignition  is  not  used,  as  the  beginning  of  a  new  effort,  it 
may  be  assumed  to  take  place  on  the  beginning  of  combustion 
or  the  expansion  stroke;  thfe  entire  compression  more  or  less 
must  elapse  between  the  valve  gear  at  the  charge  and  this  begin- 
ning of  combustion,  a  little  less  than  a  complete  compression  for 
delayed  closure  of  the  suction  valve  and  a  little  more  for  the 
throttling  action.  In  general  it  seems  impossible  to  reduce  the 
cycle  of  time  to  less  than  one  stroke. 

With  this  cyclic  time  it  is  useless  to  attempt  to  govern  closely 
any  engine  with  less  than  two  double-acting,  four-cycle  cylinders, 
or  one  double-acting,  two-cycle  cylinder.  It  is  useless  to  put  a 
very  sensitive  governor  or  one  of  the  highly  refined  inertia  type 
on  an  engine  that  has  been  proved  to  be  not  worthy  of  it  in  the 
above  mentioned  respects. 

A  number  of  valuable  papers  on  some  of  the  phases  of  this 
regulation  problem  thai  are  common  to  steam  engines  have 
appeared  and  a  few  of  them  will  be  examined. 

Ketlholtz:  A,  L  E.  E.,  October  1901.  In  this  paper  a  method 
for  calculating  the  turning-force  diagram  is  given,  and  the  time, 
speed,  and  consequent  angular  variation  from  uniform  rotary 
motion  are  calculated  and  experimental  determinations  re- 
ported. The  paper  is  elaborate  and  involves  a  number  of  assump- 
tions to  simplify  the  work,  but  shows  within  the  limits  of  ex- 
perimental error  and  under  conditions  assumed  it  is  possible 
to  calculate  true  speed  and  to  measure  it  so  that  the  two 
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results  agree  within  the  limits  of  experimental  error.  It  is  im- 
portant to  note,  however,  that  the  paper  is  confined  to  the  case 
of  constant  resistance,  equal  to  the  mean  efiEort,  and  the  results 
depend  for  their  value  on  the  validity  of  these  assumptions. 
Nothing  whatever  is  determined  concerning  the  effect  of  a 
fluctuating  periodic  load  having  the  same  constant  mean,  nor 
of  the  effects  of  load  changes,  nor  the  different  speeds  for 
different  loads,  nor  the  adjustment  of  effort  and  resistance  by 
a  true  centrifugal  governor,  (whose  position  depends  upon 
actual  momentary  speed),  nor  of  a  similar  effect  with  the  gov- 
ernor adjusted  so  that  its  position  is  determined  for  the  mean 
speed  for  the  cycle. 

Slichter.  Slichter  notes  a  variation  o^  speed:  first,  due  to  a 
change  of  load  in  which  the  average  speed  changes;  secondly, 
irregularity  throughout  any  given  revolution  or  cycle  while 
the  mean  speed  is  constant.  He  states  that  the  adjustment 
of  the  mean  is  altogether  a  function  of  the  governor  and  then 
drops  the  subject  without  pointing  out  the  fact  that  no  governor 
can  accomplish  this  with  a  difference  between  driving  and  re- 
sisting efforts,  if  it  is  of  the  type  whose  position  depends  upon 
actual  momentary  speeds.  The  rest  of  Slichter's  paper  is 
taken  up  with  the  fly-wheel  effects  in  reducing  angular  displace- 
ment from  the  mean*  or  constant  velocity  positions  with  crank- 
pin  force  differences.  The  work  is  directed  mainly  towards 
alternators  working  in  parallel,  and  the  first  problem  for  the  so- 
lution is  the  determination  of  the  crank-pin  or  pole  displacements 
from  true  mean  position,  which  will  limit  the  cross-current  to 
10%  of  full  load.  In  the  course  of  his  work  he  assumes  the  ef- 
fort curve  to  be  sinusoidal,  which  permits  the  development 
of  a  formula  for  a  fly-wheel  weight  to  limit  the  displacement. 
An  example  is  worked  out  to  illustrate  the  formula.  Slich- 
ter however,  aside  from  the  errors  introduced  by  taking  the  effort 
curve  to  be  sinusoidal,  makes  the  further  assumption  that  the 
mean  resistance  is  constant  and  equal  to  the  mean  effort.  In 
other  words,  constant-load  conditions  only  are  discussed.  He 
does  however,  make  one  important  point,  that  when  the 
alternators  by  any  accident  or  fault  of  design  get  out  of  phase 
even  slightly  the  actual  resistance  will  be  undulatory,  although 
the  mean  may  be  constant. 

Berg,  Berg's  paper  is  almost  entirely  electrical,  and  is  con- 
cerned with  the  electrical  conditions  for  parallel  operation  of 
alternators.    The    main    feature    with    respect    to    regulation 
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brought  out  in  this  paper  is  the  pulsation  of  actual  resistance 
with  the  constant  mean  when  the  alternators  are  slightly  out 
of  step,  which  is  due  to  unequal  momentary  speeds  of  different 
machines  in  parallel,  and  which  may  be  exaggerated  by  steam- 
effort  impulses.  It  is  not  clearly  pointed  out  that  the  real 
cause  of  exaggeration  of  these  speed  conditions  is  the  fact  that 
an  alternator,  taking  positions  due  to  momentary  speeds,  may 
be  admitting  steam  in  a  pulsating  way  throughout  a  cycle,  due 
to  governor  jumps  when  differences  beween  the  actual  effort 
wave  and  pulsating  resistance  becomes  greater  as  the  crests  of 
the  two  waves  may  become  opposed.  The  remedy  observed  is 
the  use  of  a  governor  registering  mean  velocity  for  the  cycle, 
and  holding  the  valve-^ear  to  the  proper  position  for  that  mean. 
The  means  suggested  by  Berg  is  a  dash-pot  which  is  one  of  the 
ways  of  attempting  to  secure  a  mean  velocity  governor. 

Sieinmetz:  A.  L  E,  E.,  March  1902.  Steinmetz*s  paper  is 
concerned  with  the  problem  of  regulation  with  parallel  alternator 
operation,  and  he  notes  three  conditions  to  be  examined :  first  a 
permanent  change  in  speed  due  to  a  change  in  load.  He  points 
out  here  that  there  will  be  a  different  speed  for  every  different 
load,  the  load,  of  course,  being  in  any  case  a  constant.  This 
is  an  essential  characteristic,  as  noted  before,  of  centrifugal 
governors  and  their  effects  on  the  mechanism.  Secondly,  a 
temporary  change  in  Speed  due  to  a  change  in  load.  In  this 
connection  he  points  out  that  on  a  change  of  load  it  is  impossible 
for  a  governor  to  adjust  the  effort  to  the  new  resistance  without 
the  lapse  of  a  considerable  time.  This  causes  a  corresponding 
excess  or  deficiency  of  speed  before  the  adjustment  is  accom- 
plished. Thirdly,  the  periodic  change  of  speed  during  **  each 
revolution, ''  which,  of  course,  would  be  better  read  in  *'  each 
cycle  "  as  in  some  engines  the  cycle  is  not  accomplished  in  one 
revolution.  Steinmetz  shows  in  this  paper  how  important  for 
the  proper  distribution  of  load  between  two  alternators  is  this 
feature  of  having  a  different  speed  for  every  different  constant 
load,  and  that  a  permanent  drop  in  speed  with  increase  in  load 
is  desirable .  The  absolute  impossibility  of  a  constant  turning- 
effort  diagram  is  shown,  but  the  desirability  and  possibility  of  re- 
ducing variation  of  the  turning-effort  diagram  by  cylinder  combi- 
nation and  crank-angles  is  pointed  out,  as  well  as  the  effect  of  re- 
ducing speed-changes  for  a  given  variation  of  effort  by  the 
fly-wheel.  The  periodic  variation  in  speed,  due  to  actual  variation 
between  effort  and  resistance,  is  assigned  by  Steinmetz  as  the 
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cause  of  the  hunting  of  alternators  and  s)mchronous  apparatus, 
and  he  says  that  the  effects  are  aggravated  by  the  use  of  heavy 
fly-wheels.  Steinmetz  notes  two  kinds  of  hunting  between  alter- 
nators: forced  surging,  and  cumulative  or  resonating  surging. 
Forced  surging  is  that  due  to  momentary  crank-pin-force  differ- 
ences, and  cumulative  surging  is  that  due  to  certain  electrical 
characteristics  of  the  circuit,  or  may  be  assigned  to  the  mechani- 
cal construction  of  the  engine,  especially  the  governor  if  the 
governor  has  a  tendency  to  jump,  which  is  explained  as  a  ten- 
dency to  take  on  a  position  due  to  momentary  velocities. 

Emmet.  Emmet's  paper  is  entirely  concerned  with  parallel 
operation  of  alternators  driven  by  steam  engines  and  the  effect 
of  governor  damping  on  the  reduction  of  cross-current  or  surg- 
ing. The  paper  gives  examples  of  engines  operating  in  Phila- 
delphia and  Boston.  In  Philadelphia  it  was  found  that  the 
governor  was  in  constant  motion  even  with  constant  mean  load, 
and  that  the  indicator  cards  were  consequently  continually 
varying  under  the  same  constant  load,  as  might  be  expected. 
The  governor,  when  blocked,  held  the  valve-gear  in  a  constant 
position,  and  in  this  way  absolutely  constant  cards  were  obtained. 
This  shows  that  there  was  no  fault  in  the  governor  and  valve- 
gear  as  such,  but  rather  that  the  load,  although  apparently 
constant  in  its  mean  value,  was  a  pulsating  one  and  the  governor 
and  valve-gear  took  momentary  positions  due  to  momentary 
speeds,  due  in  turn  to  momentary  force  differences  at  the  crank- 
pin.  The  fact  that  the  surging  was  worse  at  times  than  at  others 
is  simply  an  indication  of  that  fact  noted  above  that  while 
the  mean  load  was  constant  and  governor  jumping  could  re- 
sult with  variation  of  effort,  the  pulsating  load  gave  a  wave  of 
force,  the  crests  of  which  sometimes  coincide  with  and  sometimes 
oppose  the  crests  of  the  effort  wave,  giving,  therefore,  at  times, 
a  greater  force-difference  and  at  other  times  a  less  force-difference 
than  with  constant  resistance.  The  trouble  was  cured  by  dash- 
pots  on  the  governor,  which  had  the  effect  of  preventing  the 
governor  taking  positions  due  to  momentary  velocities,  and 
making  it  rather  tend  to  assume  a  position  due  to  mean  velocity 
for  the  cycle.  It  was  found  in  Boston  that  while  similar  surging 
existed  and  became  less  by  the  use  of  dash-pots,  it  could  not  be 
cured  even  when  the  dash-pot  was  strongly  resisting  the  governor 
motion,  as  it  permitted  the  mean  speed  to  vary  considerably. 
In  this  case,  therefore,  it  appears  that  dash-pots  may  fail  to 
accomplish  the  result  of  making  the  governor  take  a  position  due 
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to  the  mean  speed  of  the  cycle,  but,  on  the  contrary,  may  actually 
resist  any  motion  on  the  governor  so  that  it  becomes  no  longer 
a  governor.  This  led  to  what  has  been  called  the  **  time-relay 
dash-pot,'*  which  is  really  no  more  than  an  improved  form  of 
modified  centrifugal  governor  to  make  it  more  nearly  fixed  in 
position  for  the  mean  speed  for  the  cycle  without  resisting  a^ 
adjustment  to  a  new  mean.  It  is  also  interesting  to  note  that 
Emmet  reports  a  light  fly-wheel  better  than  a  heavy  one  for 
successful  parallel  operation. 

Rice  discussing  EmmeL  Rice  points  out  that  a  method  of 
adjusting  the  fly-wheel  weight  by  the  allowable  generator  wheel 
displacements  and  the  turning-force  curve  for  the  engine  for 
constant  load,  but  does  not  consider  a  variable  load  curve 
either  periodically  or  irregularly  variable. 

Also  on  governors  he  states  that  they  must  have  certain 
characteristics:  they  must  be  adjustable  for  speed-position 
to  allow  voltage  adjustment  and  load  distribution  between 
machines;  they  must  be  adjustable  with  damping;  they  must 
have  power  enough  to  control  speed  in  spite  of  damping;  they 
must  be  switchboard  controlled. 

There  is  no  discussion  whatever  in  connection  with  this 
governor  question  by  Mr.  Rice  of  the  period  that  must  elapse 
between  the  governor  movement  and  resultant  effort  change, 
nor  of  the  limitations  imposed  by  the  cycle  of  operations  on 
this  period. 

Seymour  discussing  Emmet.  Seymour  refers  to  the  misappre- 
hension of  the  specific  nature  of  the  requirements  for  parallel 
operation  under  which  salesmen  for  engines  and  generators, 
as  well  as  purchasers  of  the  apparatus,  may  be  laboring.  He 
states  that  close  regulation  is  generally  interpreted  to  mean 
small  differences  between  mean  speed  at  no  load  and  at  full 
load,  and  points  out  that  a  small  difference  between  these  mean 
speeds  is  not  a  requirement  of  alternator  parallel  operation, 
and  in  fact  it  is  better  for  load  distribution  between  alternators 
that  this  difference  be  large  compaiatively.  He  next  considers 
fly-wheel  weights  and  says  that  a  fly-wheel  heavy  enough  for 
a  uniform  effort,  when  there  is  a  discrepancy  between  driving 
and  resisting  forces,  will  increase  the  trouble  from  generator 
surging,  referred  to  as  '*  cvimulative  **  by  Steinmetz.  The 
importance  of  noting  the  period  of  governor  jumps,  and  the 
period  of  the  varying  resisting  forces  coinciding  with  the  variable 
effort-crests,   when   the   alternators   are   slightly  displaced,   is 
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given  some  attention.  The  impossibility  of  correcting  faults 
by  governors  alone  is  also  pointed  out  when  undulatory  resisting- 
crests.  oppose  undulatory  effort-crests.  Seymour  does  not 
state  it  quite  this  way,  but  this  is  in  effect  what  I  under- 
stand he  means.  He  then  gives  some  experimental  data  on 
the  regulation  of  engines  built  by  his  firm. 

Scott  discussing  Emmet,  Scott  first  draws  a  parallel  between 
parallel  operation  and  two  engines  driving  generators  by  gear 
wheels  on  the  same  shaft.  Scott  also  notes  the  importance  of 
the  periodicity  of  governor  jumps  synchronizing  with  the  peri- 
odicity of  the  maximum  difference  between  driving  and  resisting 
forces,  shown  by  the  effort  and  resisting  force ;  but  as  in  the  case 
with  Seymour  he  does  not  state  the  situation  quite  this  way. 
The  point  he  makes  is  the  special  importance  of  noting  the 
periodic  nature  of  the  electrical  load  in  certain  cases  even  when 
the  output  is  constant,  and  gives  examples  of  an  alternator, 
which  worked  satisfactorily  on  a  lamp  load  but  would  not  at  all 
with  a  synchronous  converter  in  the  circuit. 

Mershan  discussing  Emmet.  By  curves  between  speed  and 
load,  when  load  is  constant,  Mershon  shows  the  importance 
of  having  a  considerable  difference  between  full  load  and  no 
load  for  proper  distribution  of  load  between  the  machines,  and 
shows  by  variation  of  these  curves  why  the  distribution  may  be 
more  stable  at  one  load  than  at  another. 

Steinmetz  discussing  Emmet.  Steinmetz  points  out  that  a 
heavy  fly-wheel  is  bad  only  because  by  reason  of  its  great 
inertia  it  permits  the  governor  to  overrun  resisting  synchroniz- 
ing after  once  displaced. 

Behrend' discussing  Emmet.  Behrend  refers  to  two  alterna- 
tors abroad,  driven  from  the  same  engine  shaft,  which  would  not 
run  in  parallel  at  all.  This  is  a  striking  example  of  the  periodic 
nature  of  an  electrical  load  and  shows  the  importance  of  realiz- 
ing that  electrical  circuit  characteristics  are  matters  of  as  great 
importance  in  parallel  operation  as  engine  characteristics,  and 
that  a  failure  to  operate  satisfactorily  in  parallel  cannot  always 
be  traced  to  the  engine  regulation. 

Slichter:  A.  S.  M.  E.,  1902.  Among  other  matters  taken 
up  similar  to  those  in  his  other  paper  in  the  Institute  he  lays 
particidar  stress  on  the  computation  of  displacement  of  the 
alternator  by  inconstant  turning  effort  and  shows  that  the 
cross-currents  and  magnetic  pull  on  the  rotating  system  depend 
upon  the  amount  of  displacement.     The  difficulty  is  greatest 
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with  the  greatest  ntimber  of  poles.  He  refers  to  a  paper  by 
Longwell  before  the  Engine  Builders'  Association  on  the  **  Syn- 
chix)nization  Torque  of  Generators  **  due  to  the  displacement 
from  the  mean  position  where  the  torque  is  proportional  to 
the  displacement.  The  displacement  is  greatest  also  at  the  time 
when  the  disturbing  effort  is  greatest,  so  that  the  two  effects 
of  synchronous  torque  and  displacing  effort  torque  are  additive, 
and  being  additive  are  cumulative,  helping  to  put  the  generators 
out  of  step.  Some  examples  are  given  involving  turning  effort 
curves  and  computations  of  displacement. 

Longtvell  discussing  Slichter.  Longwell  first^refers  to  a  paper 
by  Rosenberg,  engineer  for  Korting  Bros.,  gas  engine  manufac- 
turers in  Germany,  in  the  Electro  Zeifschrift,  1902,  in  which 
the  cumulative  effect  of  the  magnetic  pull  and  the  disturbing 
irregular  turning  forces  are  shown  to  be  impossible  of  predic- 
tion, and  dependent  upon  the  type  of  engine  among  other 
things.  Mr.  Longwell  concludes  that  no  mathematical  treat- 
ment of  this  subject  is  adequate.  This  is  true  because  the. 
effect  is  partly  mechanical  and  partly  electrical  and  not  all 
of  the  variables,  either  electrical  or  mechanical,  are  known. 

Astrom,  A.  S.  M.  £.,  1901.  **  Fly  Wheels  and  Angular 
Variations."  First  there  is  given  a  complete  calculation  of 
turning  effort  and  the  effects  on  turning  effort  of  the  mechanical 
forces,  due  to  reciprocation  parts,  rotary  parts,  gravity  elements, 
and  the  connecting  rods  which  partly  rotate  and  partly  re- 
ciprocate. This  concludes  with  a  number  of  turning-efforts 
diagrams  and  variable-load  curves  for  pumps  and  compressors, 
enabling  the  crank-pin  force  difference  curves  to  be  plotted. 
The  coefficient  of  fluctuation  of  speed  for  different  classes  of 
machinery  are  given  in  fractions  of  the  mean,  but  it  is  pointed 
out  that  as  machines  of  the  same  class  with  the  same  coefficient 
of  speed  fluctuation  do  not  work  equally  well,  it  is  evident  that 
a  small  coefficient  does  not  assure  satisfactory  speed  regulation. 
The  consequent  displacement  from  the  mean  position  is  then 
developed  as  a  substitute  for  the  coefficient  mentioned  in  fixing 
a  unit  regulation,  and  is  shown  to  be  the  result  of  double  inte- 
gration of  the  force  curve.  Some  turning-effort  curves  are  given 
for  steam  engines  at  full  load  and  light  load,  and  the  effects 
of  different  crank-angles  on  the  uniformity  of  effort  together 
with  the  reduction  in  fly-wheel  weight  for  equal  regularity  of 
motion  computed.  Astrom  n^akes  only  one  reference  to  load 
changes  and  makes  no  attempt  whatever  to  get  results  in  speed 
changes. 
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Abbot  discussing  Astrom.  Abbot  gives  a  complete  calculation 
for  a  steam  engine,  in  which  the  coefficient  is  as  small  as  one- 
three-thousandth  and  the  displacement  2.5  electrical  degrees 
when  calculated  by  the  usual  method  of  turning-effort  diagram 
with  mean  effort  equal  to  mean  resistance  and  resistance  con- 
stant.    No  reference  whatever  is  made  to  variations  in  resistance. 

Paper  by  Dr.  Franke,  on  the  coefficient  of  irregularity.  V 
Eclarage  Electric.  In  this  paper  there  is  a  discussion  con- 
cerning the  coefficient  of  irregularity  or  speed  steadiness  for 
alternating-current  and  direct-current  machines,  and  it  is 
stated  that  this  unit  is  a  very  satisfactory  one  for  judging  a 
direct  current  machine,  as  it  represents  very  nearly  the  variation 
in  voltage  and  the  flickering  of  the  lamps.  1/200  is  considered 
to  be  good,  and  as  low  as  1/80  satisfactory,  while  1/65  is  con- 
sidered impossibly  bad.  It  is  pointed  out  that  with  a  single- 
cylinder,  four-cycle  gas  engine  1/80  and  1/100  should  easily 
be  obtained  without  abnormal  fly-wheels  and  these  machines 
can,  therefore,  be  depended  upon  for  satisfactory  voltage  regu- 
lation. No  reference,  whatever,  is  made  to  what  will  happen 
on  the  change  of  load ;  this  is  based  on  the  usual  method  of  cal- 
culation for  constant  load  and  mean  effort.  With  respect 
to  alternators:  it  is  pointed  out  that  if  the  coefficient  is  too  small 
the  result  will  probably  be  worse  than  if  it  is  not  small  enough. 
He  considers  1/200  quite  satisfactory.  It  is  pointed  out 
that  cross-currents  tend  to  accelerate  the  lagging  machine  and 
retard  the  leading,  and  the  accelerating  force  or  magnetic  pull 
depends  not  at  all  upon  actual  speed  but  on  the  displacement 
of  the  poles,  and  that  heavy  fly-wheels  resist  in  bringing  into 
its  proper  place  a  pole  once  displaced,  although  it  would  seem 
at-  first  to  be  sufficient  guarantee  against  displacement  initially. 
Light  fly-wheels  are  recommended  as  better  than  heavy  ones, 
but  there  is  no  means  given  for  judging  their  weights  except 
the  old  rule  of  computation  of  constant  resistance  with  variable 
turning  effort. 

Summarizing  the  variations  of  conditions  entering  into  the 
regulation  problem  under  the  headings  of  load,  effort,  governor, 
fly-wheel,  and  valve-gears,  we  have  the  following: 

Kind  of  load. 

1.  Load  may  be  constant  and  equal  to  the  mean  effort. 

2.  It  may  be  constant  and  greater  than  or  less  than  the  mean 
effort. 

3.  Load  may  be  imdulatory,  having  a  mean  equal  to  the 
mean  effort. 
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4.  Load  may  be  undtilatory  with  a  mean  equal  to  the  mean 
of  an  tmdulating  effort. 

5.  Load  may  be  constant  at  a  maximum. 

6.  Load  may  be  constant  at  zero. 

7.  Load  may  suddenly  change  from  one  constant  value  to 
another  constant  value,  up  or  down. 

8.  Load  may  suddenly  change  from  an  undulatory  with  a 
constant  mean  to  another  undulatory  with  a  constant  mean. 

9.  Load  may  suddenly  change  from  an  undulatory  with  a 
constant  mean  to  a  constant. 

10.  Load  may  change  from  any  value  to  an  undulatory  with 
a  constant  mean. 

11.  Load  may  change  from  an  undulatory  with  a  constant 
mean  to  another  undulatory  with  a  constant  mean. 

12.  Load  may  change  from  any  irregular  value  to  any  other 
irregular  value  with  no  particular  relation  between. 

13.  The  time  at  which  the  load  changes  may  occur  at  the 
most  favorable  point  of  the  cycle  for  a  change  of  effort. 

14.  The  time  at  which  the  load  changes  may  occur  at  the 
most  unfavorable  point  of  the  cycle  for  a  change  of  effort. 

15.  The  time  at  which  the  load  changes  may  occur  at  the 
same  point  between  most  favorable  and  imfavorable  point 
of   the   cycle. 

Kind  of  effort, 

1.  The  effort  may  be  absolutely  constant  for  full  load  and  a 
maximum. 

2.  Effort  may  be  absolutely  constant  at  zero. 

3.  Effort  may  be  constant  at  any  value  between  maximimi 
and  zero 

4.  Effort  may  be  regularly  undulatory  with  a  constant  mean 
for  each  cycle. 

5.  Effort  may  be  irregularly  undulatory  with  a  constant 
mean  for  each  cycle. 

6.  Effort  may  be  irregular  with  a  constant  mean  for  two  cycles. 

7.  Effort  may  be  irregular  with  a  constant  mean  for  no  full 
number  of  cycles. 

8v  Effort  may  be  that  for  a  steam  engine,  single  cylinder, 
with  low  or  high  inertia. 

9.  Effort  may  be  that  for  a  double-acting,  single-cylinder 
steam  engine  with  a  low  or  high  inertia. 

10.  Effort  may  be  that  for  any  number  of  cylinders  of  the 
double  acting,  simple,  triple,  compound,  etc.,  with  a  low  or 
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high  inertia  of  any  number  of  cranks  spaced  in  any  particular 
way. 

11.  Effort  may  be  that  for  a  single-cylinder,  four-cycle  gas 
engine,  single  acting,  low  or  high  inertia. 

12.  Effort  may  be  that  for  a  single-cylinder,  single-acting, 
two-cycle  engine,  low  or  high  inertia. 

13.  Effort  may  be  that  for  a  single-cylinder,  double-acting, 
four-cycle  gas  engine,  low  or  high  inertia. 

14.  Effort  may  be  that  for  a  single-cylinder,  double-acting, 
two-cycle  gas  engine,  low  or  high  inertia. 

15.  Effort  may  be  that  for  a  two-  or  four-cycle  engine, 
single  or  double  acting,  with  any  nimiber  of  cylinders,  low  or 
high  inertia,  with  any  ntmiber  of  cranks  grouped  at  any  par- 
ticular angle. 

16.  The  fiy-wheel  may  be  light  or  heavy  with  large  or  small 
mean  diameter. 

Governors : 

1.  The  governor  may  be  a  simple  centrifugal  governor, 
taking  a  position  corresponding  to  the  momentary  actual  speed. 

2.  The  governor  may  be  a  modified  centrifugal  governor, 
taking  a  position  not  due  to  the  momentary  actual  speed. 

3.  Governor  may  be  of  a  modified,  centrifugal  type,  taking 
a  position  due  to  the  mean  speed  for  the  cycle. 

4.  The  governor  may  or  may  not  have  inertia  elements 
to  affect  the  promptness  of  the  motion  of  the  valve-gear  in- 
dependent of  actual  speed,  but  depending  on  momentary  accelera- 
tion, positive  or  negative. 

5.  The  governor  may  be  large  or  small  with  ability  to  move 
the  valve-gear  through  large  or  small  distance  in  short  or  long 
periods  of  time,  against  large  or  small  valve  resistances. 

6.  All  the  simple,  centrifugal  types  or  modified  centrifugal 
types  with  or  without  inertia  effects. 

Valve-gears. 

1.  Valve-gears  may  affect  the  cycle  so  as  to  change  the  effort 
immediately. 

2.  Valve-gears  may  be  so  designed  as  to  affect  the  cycle 
only  with  the  lapse  of  some  part  of  the  cycle  or  some  part  of 
more  than  one  cycle. 

3.  Valve-gears  may  be  heavy  or  light  with  or  without  gravity 
resistance  in  one  direction,  with  or  without  gravity  assistance 
in  the  other  direction,  with  or  without  inertia  resisting  its 
motion  with  high  or  low  frictional  resistance  through  change 
of  position. 
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To  study  adequately  all  the  conditions  appearing  in  this 
summary,  including  the  unusually  large  number  of  variables 
imder  the  five  groups,  more  or  less  dependent,  is  a  very  tedious 
matter,  but  nevertheless  worth  while.  I  think,  however, 
from  the  review  of  the  papers  given,  it  seems  pretty  clear 
what  is  the  function  and  limitations  of  governors  or  fly-wheels. 
From  the  large  number  of  turning-effort  diagrams,  steam  and 
gas  engines,  the  nature  of  this  effort-curve  and  its  change  with 
load,  cylinder  combinations,  grouping  of  crank-angles,  different 
inertias  and  reciprocating  parts,  have  become  fairly  well  known. 
To  those  not  familiar  with  such  turning-effort  diagrams  of  gas 
engines,  reference  may  be  had  to  Giildner,  Haeder,  Lucke,  and  nu- 
merous papers.  A  comparison  of  the  gas  engine,  turning-effort 
diagram  with  that  of  the  steam  engine  will  show  that  it  is  pos- 
sible to  secure  as  regular  an  effort  curve  for  the  gas  engine 
as  for  the  steam  engine;  regular  with  respect  to  the  number  of 
fluctuations  above  or  below  the  mean,  and  with  respect  to  the 
value  of  the  coefficient  of  fluctuation.  That  is  to  say,  that 
the  turning-effort  diagrams  for  the  gas  and  steam  engine 
are  equally  good  as  computed  under  the  constant  load  condition, 
and  this  is  the  only  basis  on  which  they  have  been  computed. 
What  happens  when  the  load  changes  and  before  the  governor 
has  had  time  to  balance  the  effort  with  resistance,  will  be 
different  for  the  two  classes  of  engine  and  different  again  for 
individual  examples  of  each  class. 

The  things  that  have  not  received  much  attention,  or  any- 
where  near  adequate   attention   are: 

A.  The  electrical  effects  in  producing  variables  actual  resist- 
ance at  the  crank-pin  for  constant  bus-bar  loads. 

B.  Cyclic  interference  between  governor  control  and  effort 
effect. 

C.  The  speed-chang:e  due  to  load-chanp:e  due  to  a  period 
of  unbalance  exaggerated  by  cyclic  interference  and  pulsating 
effects,  which  cannot  be  overcome  by  any  refinement  of 
governor  construction  and  which  are  just  as  likely  to 
require  light  as  much  as  heavy  fly-wheels  on  the  engine,  but 
which  probably  can  be  met  in  the  gas  engine  by  a  change  in 
valve-gear  control  functions  or  a  change  in  cycle. 

Just  what  can  be  accomplished  along  these  lines  can  only  be  de- 
termined by  plotting  force  diagrams  representing  driving  and  re- 
sisting forces  for  each  moment  of  the  cycle,  and  in  connection 
with  each  force-diagram  a  consequent  velocity-diagram  obtained 
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by  the  integration  of  the  force  or  accelerating  diagrams.  The 
force  used  in  this  integration  will  be  the  algebraic  sum  of  the 
driving  and  resisting  forces  of  each  moment,  and  if  both  are 
varying  they  may  be  additive  or  subtractive. 

To  illustrate  this  method  of  treatment  the  following  sketches 
are  presented,  not  as  a  solution  but  solely  to  illustrate  the 
method  of  procedure.  Fig.  1  shows  the  force-diagram  and 
velocity-diagram  for  a  steam  turbine  with  a  constant-resistance 
load.  This  diagram  shows  a  full-load  and  light-load  force 
and  speed  curve  and  indicates  that  the  light-load  speed  is 
higher  than  the  full-load  speed  and  instead  of  being  exactly 
constant  are  nearly  so  with  constant  mean.    The  effort  curve 
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Fig.  1 — Steam  turbine  resistance  constant,  effort  pulsating  constant  mean 

on  the  turbine  slightly  rises  and  falls  fairly  regularly  for  a  con- 
stant resistance,  which  is  shown  by  the  dotted  line. 

Fig  2  shows  a  variable  resistance  of  a  wave-form  nature  and 
a  similar  waving  effort,  both  with  constant  mean.  The  ve- 
locity-diagram for  these  conditions  will  involve  greater  waves 
than  before  or  greater  fluctuations  above  and  below  the  mean 
because  the  effort  and  resistance  become  additive  at  crests  and 
hollows,  even  though  the  mean  value  of  each  is  constant. 

Fig  3  shows  force  and  velocity  diagrams  for  a  constant  full 
load  change  to  a  constant  light  load  with  a  correspondmg  jump 
in  velocity  during  the  period  of  governor  action.        ,     ,     _    ^ 

Such  curves  as  these  indicate  clearly  the  fly-wheel  effect, 
and  show  that  it  merely  limits  the  maximum  velocity  during 
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the  period  of  unbalance  and  has  no  effect  on  the  period  of  un- 
balance or  the  period  of  acceleration.  These  curves  also  show 
that  the  maximum  velocity  is  attained  after  an  acceleration 
when  that  acceleration  has  again  decreased  to  the  mean  value. 
They  will  also  show  how  the  governor  must  override  in  its 
efforts  to  reduce  a  too  high  velocity  to  the  required  new  mean 
value.  If  such  curves  are  shown  for  steam  and  gas  engine  with 
their  available  effort-diagrams  in  place  of  these  nearly  constant 
turbine  effort-diagrams,  I  think  it  will  be  easy  to  see  how  clearly 
the  problem  of  regulation  can  be  studied  and  also  the  effects 
of  variable  actual  load  at  the  crank-pin  when  they  do  or  do  not 
synchronize  with  the  effort  wave. 
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Fig.  2 — Steam  turbine  resistance  wave  form  constant  mean,  effort  wave 
form  constant  mean,  crests  against  hollows 


There  is  no  use  in  attempting  to  regulate  a  gas  engine  that 
will  not  meet  the  first  requirement  of  absolutely  invariable 
indicator  card  with  the  valve-gear  blocked  in  position.  This 
is  the  first  difference  between  the  problem  of  regulating  the  gas 
engine  and  the  steam  engine,  and  must  be  checked.  Only  the 
best  gas  engines  will  give  such  invariable  cards.  The  next 
step  is  to  run  the  governor  with  all  valve-gear  connected  but  with 
the  engine  at  rest,  the  governor  being  driven  from  an  external 
source  to  determine  valve-gear  positions  at  different  speeds 
of  the  governor.  This  requires  very  accurate  speed-measuring 
apparatus.  The  next  experimental  check  is  to  measure  the 
mean  effective  pressure  obtainable  at  all  different  positions 
of  the  valve-gear,  it  being  blocked  during  measurements  and 
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the  engine  held  to  about  the  proper  speed  with  suitable  resist- 
ance and  the  governor  cut  out.  From  this  the  speed  horse- 
power curve  should  be  plotted  and  there  must  be  not  too  small 
a  difference  between  mean  speed  at  constant  full  load  and  the 
same  at  constant  no  load.  The  result  should  be  checked  by 
operating  the  engine  with  everything  connected  and  a  variable 
load.  Every  precaution  should  be  taken  to  insure  the  governor 
operating  valve  from  sticking  either  by  tar  or  dust  collection. 
The  next  important  difference  between  the  steam  engine  and  gas 
engine  regulation  will  come  in  as  the  result  of  cyclic  interference 
in  each.  This  requires  calculation  and  experimental  check 
to  obtain  proper  data  on  the  necessary  sensitivness  and  type 
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Pig.  3 — Steam  turbine  load  change,  constant  full  to  constant  light 


of  governor  fly-wheel  effect,  which  should  neither  be  too  much 
nor  too  little  in  the  light  of  the  operation  requirements. 

Failures  to  obtain  proper  regulation  of  gas  engines  from 
any  of  the  causes  mentioned,  but  chiefly  from  cyclic  interference 
have  been  overcome  or  rather  avoided  by  the  introduction  of 
flexible  couplings,  consisting  of  leather  link,  spring,  friction 
slip  joints,  centrifugal  devices,  all  of  which  are  intended  to  allow 
the  driven  rotor  to  move  at  a  uniform  speed,  even  though  that 
of  the  driving  engine  should  fluctuate.  These  devices  have 
never  been  used  on  large  units  and  are  by  no  means  solutions. 

Large  gas  engines  are  operated  fairly  satisfactory  with  twenty- 
five  cycle  alternators  and  the  cyclic  interference,  while  it  is 
always  noticable  is  not  prohibitively  bad.  With  60-cycle  work 
this  is  not  the  case,  and  gas-engine-driven,  60-cycle  alternators 
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must  be  so  far  pronounced  unsatisfactory,  though  some  are  doing 
well.  Considering  the  nature  of  the  problem;  its  newness, 
its  difficulty,  and  the  more  insistent  demands  of  the  public  for 
economy  of  fuel,  and  ruggedness  of  construction  than  for  close 
regulation  up  to  the  present  time,  I  think  that  the  gas  engine 
has  done  extremely  well.  The  wonder  is,  then,  not  that  the 
gas  engine  cannot  regulate  as  well  as  the  steam  engine,  but 
that  it  regulates  as  well  as  it  does.  In  the  light  of  all  this 
I  feel  that  the  gas  engine  has  only  just  started  on  its  career  of 
usefulness. 

In  conclusion  I  believe  that  an  intelligent  examination  of  the 
nature  of,  the  problem  of  gas-engine  regulation  and  the  study 
of  numerous  diagrams,  force  and  velocity,  of  the  kind  here  pre- 
sented, will  result  in  the  elimination  of  many  of  the  present 
handicaps  of  the  gas-engine  cycle  and  make  possible  regulation 
as  good  as  that  of  the  steam  engine. 
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UNDERGROUND  TRANSMISSION  AND  DISTRIBUTION 
OF  ELECTRICAL  ENERGY. 

BY   CHARLES    E.    PHELPS. 


The  faults  in  underground  cables  naturally    classify    them- 
selves as  follows: 

1.  Defects  in  the  cable  itself. 

2.  Injury  received  during  installation. 

3.  Faulty  workmanship. 

4.  Mechanical  injury. 

5.  Electrolytic  action. 

6.  Certain  external  injuries,  the  cause  of  which  may  not  be 
conclusively  established. 

And  to  these  six  may  be  added  the  injuries  which  occur  to 
cables  not  strictly  underground,  but  which  are  above  the  surface 
of  the  ground  on  poles,  etc.,  making  connection  with  aerial 
conductors.  This  latter  is  uniformly  the  result  of  imperfect 
covering  protection,  or  results  from  contact  with  the  cable 
sheath  of  aerial  wires;  they  can  hardly  be  classed  with  the 
faults  of  underground  cables. 

Referring  to  the  other  six  classes  of  faults,  the  first  three ;  viz. 

1.  Defects  in  the  cable  itself. 

2.  Injury  received  during  installation, 

3.  Faulty  workmanship. 

should  be  sufficiently  provided  against  in  the  contract  for  the 
cable  and  in  the  character  of  conduit  construction,  that  they 
may  be  developed  on  the  breakdown  test  which  is  Invariably 
applied  to  a  completed  cable  before  putting  it  into  continuous 
service.  This  test  usually  requires  that  at  least  double  the 
ordinary  working  voltage  shall  be  applied  to  the  insulation  of 
the  cable;  that  is,  between  conductors  and  ground,  for  various 
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periods  of  time  depending  upon  the  judgment  of  the  purchaser 
and  acquiescence  of  the  contractor.  The  test  should  never  be 
pushed  to  a  point  where  the  insulation  is  liable  to  be  pin-holed 
by  the  strain  of  the  test  voltage,  and  experience  has  generally 
pointed  to  the  continuance  of  the  test  voltage  for  from  one  to 
two  minutes'  duration,  instead  of  thirty  or  more  minutes  which 
have  often  been  specified.  Under  this  test  the  defect  should  be 
developed  and  the  obligation  should,  by  contract,  be  imposed 
upon  the  contractor  to  make  it  good.  If  it  should  have  been 
caused  by  any  defect  in  the  conduit  construction  the  cable 
contractor  would,  of  course,  be  blameless.     The  other  faults: 

4.  Mechanical  injury, 

5.  Electrolytic  action, 

6.  Damage  to  cable  above  ground. 
All  these  are  of  purely  external  cause. 

In  order  to  illustrate  this  feature  more  prominently,  below 
is  given  a  tabulated  record  of  cable  faults  in  this  city  for  the 
seven  years  ending  December  31,  1906,  together  with  the 
lengths  of  cable  in  use  in  each  year.  This  tabulation  includes 
all  classes  of  cables: 

13,000  =  volt  alternating-current,  three-conductor .  cable. 
6600  =     ** 
2300  =     " 

1000  =     "  **  "  two- 

500  =     "     street  railway  feeders, 
250  =     **     three- wire  distribution, 
Telephone  cables  from  5  to  400  pairs, 
Telegraph      "         **    20  to  200  wire, 

and  various  smaller  cables  used  for  burglar  and  fire  alarm  and 
other  signalling  purposes,  including  the  police  and  fire  alarm 
wires  of  the  city.  In  fact  the  table  includes  injuries  to  all  those 
classes  of  wires  which  are  found  to  be  necessary  in  the  activities 
of  any  large  and  growing  city.  Summarized  by  classes  of 
faults  and  by  years,  the  table  is  as  follows: 

It  should  be  noted  in  connection  with  the  table  above  given 
that  damage  under  head  of  gas  explosions  was  not  the  immediate 
result  of  the  explosion,  but  was  caused  by  the  falling  of  debris 
and  burning  gas.  No  cable  has  been  directly  injured  from  any 
gas  explosion  under  observation.  Also,  that  the  damage  under 
**  Flood  Water — Jones*  Falls  "  was  due  to  the  carrying  away  of 
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cables  on  temporary  suspension  under  a  bridge  crossing  Jones' 
Palls,  by  heavy  timbers  carried  down  by  flood  water. 


CkuHNatutt  of  Eta«Dii«e    1900       1901 


1902 


1903 


1904 


1905 


1906 


Total 


1 
2-3 


Defective  (9^ . . . 

Damage  duriiv  in- 
staUat«)o 


Damate  by  picks, 
ban.  etc 


Flood  water.  Jonei 
Palb 


7 
13 


Gas  explosions. 
Rata 


By    woricmen 
manholes 


Electrolytic  action 

Cables  above 
ground 


2 
15 


2 

4 
27 

1 


3 

5     1 


Unknown. . 
Totals. 


Feet 


of  cable  in  opera- 
tion at  end  of  each 
year 


Fault   per   1000   ft. 
cable 


106.779 
0.018 


236.266 
0.017 


470.154 
0.019 


27 

708.152 
0.038 


29 

853.948 
0.034 


7 
49 


10 

4 


1.246.443 
0.039 


1 
28 


3 

24 

58 

2 
2 

5 

13 
31 

2 

8 
148 


1.535.294 
0.018 


Summary  of  Cable  Faulta 


Class 


Nature 


Numtrr 
of  fatUts 


Per  cent, 
of  whole  ■ 


1. 
2. 
3. 
4. 

5. 
6. 


Defective  cable v 

Damaged  in  installation. 

Mechanical  injury 

Electrdlytic  actkKi 

Cables  above  ground 

Unknown  causes 


3 
24 
80 
31 

2 

8 
l5" 


2 

16 

55 

20' 
1.5 
5.5 
100~ 


The  percentage  in  importance  of  each  class  of  fault  to  the 
whole  number  is: 

1.  Defective  cables 2  per  cent. 

2.  Damaged  in  installation 16  '* 

3.  Mechanical  injury 55  ** 

4.  Electrolytic  action 20  " 

5.  Cables  above  ground 1.5  ** 

6.  Unknown « 5.5  " 
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This  is  for  the  whole  period  of  seven  years ;  the  record  of  the 
year  1906,  just  past,  during  which  time  there  were  over  1,500,000 
ft.  of  cable  in  operation,  is  as  follows: 

1.  Defective  cables * none 

2.  Damaged  in  installation 10 

3.  Mechanical  injury 13 

4.  Electrolytic  action 4 

6.  Cables  above  ground none 

6.  Unknown 1 

18 
a  total  of  28  or     ^^^  per  1000  ft.  of  cable  in  operation. 

In  considering  the  tabulations  of  cable  faults,  these  data 
must  be  understood  to  show  actual  existing  and  not  sporadic 
conditions;  that  not  only  do  they  cover  a  considerable  period 
of  time  but  they  cover  also  a  time  during  which  progress  in  this 
particular  branch  of  the  art  was  undergoing  great  changes. 
A  part  of  the  time  may  even  be  taken  as  experimental  In 
addition  to  this,  the  data  for  the  years  1904  and  1905,  shown 
in  these  tables,  will  suffer  in  its  application  to  a  normal  situation 
by  reason  of  the  apparently  high  percentage  of  faults  developed 
on  account  of  mechanical  injury. 

Out  of  a  total  of  80  faults  by  mechanical  injury  for  seven 
years,  exectly  one-half,  or  40  of  them,  occurred  during  the  years 
1904  and  1905,  although  in  1906  there  were  but  four,  while  the 
amount  of  cable  in  use  was  much  greater. 

This  disproportion  is  easily  explained  by  pointing  out  that 
during  1904  and  1905  all  street  improvements  consequent  upon 
the  fire  of  February  1904  were  carried  out.  Street  lines  and 
grades  were  changed,  necessitating  a  similar  change  in  conduits 
and  of  cables  within  them.  A  great  many  men  were  employed 
upon  all  sorts  of  work  and  naturally  the  underground  system 
has  to  stand  its  share  of  damage. 

In  studying  the  list  of  cable  faults  you  will  see  that,  barring 
the  sole  element  of  human  frailty,  all  the  faults  may  be  to  a 
large  extent  anticipated,  and  in  a  large  measure  avoided.  By 
analyzing  these  failures,  you  will  find  some  definite  reason  for 
each  of  them  to  which  a  remedy  can  be  applied.  I  do  not 
intend  to  convey  the  impression  that  a  cable  system  can  be 
developed  which  will  never  be  fault-proof,  because  the  conditions 
under  which  it  is  operated  are  not  those  of  a  parlor  game;  but 
one  has  to  deal  with  men  and  materials  that  are  by  no  means 
perfect. 
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I  can  perhaps  illustrate  the  conclusion  which  L  desire  to  convey 
to  you.  Suppose,  say  20  important  companies  on  this  con- 
tinent engaged  in  the  same  character  of  electrical  business  were 
to  keep  accurate  records  of  the  performance  of  their  under- 
gp-ound  equipment  under  actual  operation,  with  clear  explana- 
tion of  the  conditions  surrounding  and  the  effect  of  each  cable 
fault;  and  suppose  that  all  these  20  separate  sets  of  data  were 
available  to  each  one  of  the  companies  concerned  so  that  each 
would  have,  in  addition  to  its  own  data,  those  concerning  the 
cable  performance  of  19  other  companies.  Suppose  now  you 
had  these  data  in  hand,  what  would  be  the  result?  You  would 
eagerly  search  out  those  of  the  companies  which  showed  few 
faults  where  you  were  subjected  to  many  of  the  same  kind,  and 
you  would  get  in  touch  with  them  and  learn  in  what  particular 
they  had  succeeded  where  you  had  failed.  In  the  same  way 
you  would  be  called  upon  to  explain  your  successful  methods 
to  certain  others  who  had  failed  where  you  had  succeeded. 
This  is  a  process  which  seems  so  easy,  so  simple,  and  so  inex- 
pensive when  the  great  benefits  that  would  accrue  are  considered, 
that  it  seems  surprising  it  is  not  an  almost  universal  custom. 
I  cannot  refrain  from  backing  up  this  statement  by  saying 
that  this  spirit  of  cooperation  and  coordination  is  one  of  the 
important  elements  which  has  maintained  the  preeminence 
of  the  Bell  Telephone  Company  in  its  particular  field  of  operation, 
judging  solely  by.  results  from  the  point  of  view  of  an  outside 
but  interested  observer. 

Before  closing  this  paper  I  ask  your  consideration  to  a  brief 
review  of  this  particular  subject  which  may  really  be  termed 
the  crux  of  the  whole  situation.  Taking  the  cable  faults  in  the 
order  they  appear  on  the  chart,  the  first  three: 

1.  Defect  in  cable  itself, 

2.  Damage  during  installation, 

3.  Faulty  workmanship, 

should  be  covered  by  the  contract  for  purchase  and  installation 
of  cable,  and  they  should  be  *'  smoked  out  "  by  the  installation 
test  before  described.  Owing  to  the  fact  that  the  factory  test 
of  cable  before  shipment  is  much  more  severe  than  the  installa- 
tion test,  and  that  the  factory  test  is  made  on  the  cable  while 
submerged  in  water,  it  is  more  than  probable  that  any  fault 
developed  in  the  body  of  the  cable  itself  will  be  caused  either 
during  shipment  or  during  installation. 

It  will  generally  be  impossible  to  determine  on  light  and 
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power  cables,  which  was  the  real  cause,  for  the  effect  of  the 
breakdown  is  to  destroy  the  evidence  entirely;  the  affected 
part  of  the  cable  will  vanish  to  parts  unknown. 

Faults  due  to  installation  are  in  general  due  to  four  causes; 

1.-  Defective  conduit  structure, 

2.  Reckless  or  improper  methods  of  pulling  cable  into  ducts, 

3.  Rough  handling  or  too  sharp  bends  in  manholes, 

4.  Badly  made  joints. 

I  think  it  sufficient  simply  to  enumerate  these  causes  to 
indicate  the  prevention  or  remedy. 

Faulty  workmanship  may  occur  either  during  installation 
or  later,  due  to  additional  taps  or  connections  being  made  to 
an  existing  cable.  Here  the  remedy,  aside  from  the  employ- 
ment of  only  skilled  and  careful  workmen,  is  to  provide  a  man- 
hole suitable  for  the  conditions  under  which  this  work  is  to  be 
done.  There  should  be  plenty  of  elbow-room,  and  cleanliness 
is  one  of  the  best  friends  to  the  underground  cable.  Even  in 
a  city  without  sewers,  the  expense  of  consistent  drainage  of 
manholes  by  expensive  methods  is  justified. 

Mechanical  injury  may  come  from  without  through  the  agency 
ot  the  energetic  man  with  the  pick  who  generally  never  works 
so  hard  as  when  he  is  hacking  away  at  something  he  has  no 
business  to  hack ;  or  it  may  come  by  reason  of  improper  use  of 
the  manhole  by  workmen ;  or  from  such  an  unusual  source  as  the 
despised  rat,  which  has  been  dignified  by  what  I  hope  are  five 
obituary  notices  in  our  exhibited  list,  under  the  year  1906. 

I  hardly  feel  able  to  point  out  any  remedies  against  this 
prolific  cause  of  cable  trouble  that  have  not  already  perhaps 
occurred  to  you,  but  there  is  one  which  comes  from  within  and 
which  often  and  unnecessarily  results  in  trouble  and  is  easily 
avoided.  This,  as  is  usually  the  case  with  internal  cable 
troubles,  concerns  the  manholes.  I  have  myself  recently  seen 
inside  the  manholes  of  an  important  underground  system  where 
the  cables  therein  were  so  run  through  the  manholes  .that  it  is 
impossible  for  a  workman  to  get  to  the  floor  of  the  holes  without 
using  these  cables  as  a  step  ladder.  This  was  the  case,  not  in 
a  single  manhole,  but  in  many  of  them.  Apparently  the  man- 
holes were  built  simply  because  every  other  underground  system 
had  them,  and  they  exhibited  utter  disregard  of  their  permanent 
use  by  the  cable  equipment  for  which  they  were  built. 
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ON  THE  SUBSTITUTION  OF  THE  ELECTRICSMOTOR  FOR 
THE  STEAM  LOCOMOTIVE. 

BY  LEWIS  B.  STILLWBLL  AND  HBNRY  ST.  CLAIR  PUTNAM. 

The  ptirpose  of  this  paper  is  fotarfold:  1,  to  record  certain 
facts  relative  to  heavy  electric  traction  which  have  been  estab- 
lished by  experience;  2,  to  present  calculations  of  relative  costs 
of  steam  and  electric  traction  in  railway  service  based  upon  these 
facts;  3,  to  point  out  the  transcendent  importance  of  standard- 
izing electric  railway  traction  equipment  as  rapidly  as  may  be 
consistent  with  progress;  and  4,  to  raise  the  question  whether 
a  frequency  of  25  cycles  per  second  or  15  cycles  per  second 
should  be  adopted  in  railway  operation  by  alternating-current 
motors. 

Few  subjects  which  are  to-day  engaging  the  attention  of  the 
engineering  world  are  comparable  either  in  scientific  interest 
or  in  practical  importance  to  the  substitution  of  the  electric 
motor  for  the  steam  iQComotive  engine.  Three-phase  and 
single-phase  alternating-current  railway  motors  are  now  devel- 
oped to  a  point  where  they  fairly  challenge  the  steam  loco- 
motive, even  in  long-haul  freight  service,  in  which  class  of  work 
the  direct-current  motor  hitherto  has  found  itself  unable  to 
compete  with  success.  The  direct-current  motor  has  demon- 
strated impressively,  and  upon  a  large  scale,  its  superiority  to 
the  steam  locomotive,  not  only  in  operating  single  cars  and 
short  trains  on  lines  of  moderate  length,  but  also  in  frequent 
and  heavy  passenger  service  in  which  the  length  of  train  is 
limited  only  by  the  length  of  station  platform,  while  the  motive 
power  equipment  far  exceeds  in  power  developed  the  limits 
hitherto  established  in  steam  passenger  service. 

On  the  Valtellina  line  and  through  the  Simplon  tunnel  70-ton 
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electric  locomotives  with  three-phase  motor  equipment,  capable 
of  developing  a  draw-bar  pull  of  28,000  lb.,  have  displaced  the 
steam  locomotive,  with  results  showing  both  marked  improve- 
ment in  service  and  substantial  economy  in  operating  costs. 
In  the  New  York  Subway,  eight-car  trains  weighing  320  tons 
are  in  operation,  equipped  with  motors  developing  during 
acceleration  a  tractive  effort  equivalent  to  a  draw-bar  pull  of 
56,000  lb. 

The  heaviest  passenger  locomotive  used  on  the  Erie  system  in 
1905,  weighs,  exclusive  of  tender,  206,000  lb.,  of  which  55.8%,  or 
1 15,000  lb.,  is  effective  on  drivers.  Assuming  the  adhesion  to  be 
20%,  such  a  locomotive  exerts  a  draw-bar  pull  of  23,000  lb. 
The  motors  of  the  eight-car  electric  train  of  the  New  York  Sub- 
way, therefore,  exert  a  tractive  effort  equivalent  to  more  than 
twice  the  draw-bar  pull  of  this  locomotive. 

Managers  and  engineers  of  railways  using  steam  are  consider- 
ing the  possibilities  of  electricity.  Naturally,  the  problem 
usually  presents  itself  in  reference  to  particular  cases  in  which 
special  conditions  emphasize  the  advantages  of  electric  trac- 
tion; but  a  point  has  been  reached  in  the  development  of  electric 
railway  equipment  where  it  is  evident  that  no  absolute  and 
permanent  limits  beyond  which  the  motor  may  not  go  can  be 
fixed;  and  it  is  not  unreasonable  to  consider  the  possibilities 
of  the  electric  motor  not  only  in  passenger  service  but  also  in 
freight  service,  not  only  in  the  operation  of  railway  terminals, 
but  also  for  the  operation  of  railway  divisions  and  even  for  trunk 
lines. 

At  the  present  time,  what  is  needed  is  not  prophecy  but 
facts,  and  particularly  facts  demonstrated  by  experience.  A 
study  of  the  relative  advantages  of  steam  and  electric  traction 
should  rest  as  firmly  as  possible  upon  results  attained  in  prac- 
tical operation.  Facts  thus  established  and  available  to  date 
are  insufficient  to  justify  conclusions  which  in  detail  may  not 
have  to  be  modified,  but  it  is  believed  that  they  are  adequate 
to  permit  comparative  studies  leading  to  deductions,  which, 
as  a  whole,  may  be  relied  upon. 

The  answer  to  the  question:  *' Will  it  pay  to  electrify?" 
involves  consideration  of  both  relative  earnings  and  relative 
cost  of  operation;  therefore,  before  discussing  the  comparative 
expenses  involved,  it  is  pertinent  to  refer  briefly,  even  at  the 
risk  of  repeating  what  has  been  said  in  papers  hitherto  pre- 
sented  by  others,   to  the  more  important  factors  which   oo- 
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operate  in  securing  for  electric  traction  an  increase  in  earning 
power. 

Passenger   Service    Factors   Contributing   to    Increased 
Earning  Power. 
The  more  important  considerations  which  affect  gross  earn- 
ings are: 

1.  Frequency  of  service. 

2.  Speed. 

3.  General  comfort  of  passengers. 

4.  Safety. 

5.  Reliability  of  service. 

6.  Increased  capacity  of  line. 

7.  Frequency  of  stops. 

8.  Convenient  establishment  of  feeder  lines. 

1.  Frequency  of  Service.  The  motor-driven,  interurban  car 
operating  upon  scores  of  lines  in  competition  with  steam  rail- 
way service  has  convincingly  demonstrated  its  ability,  not  only 
to  attract  business  from  competing  steam  lines  but  also  to 
create  new  business.  In  almost  every  case  where  such  com- 
petition has  been  encountered  by  the  steam  railway,  a  large 
part,  if  not  practically  all  of  its  local  passenger  trafHc  has  been 
'ost.  In  comparing  results  attained  by  the  competing  systems 
in  such  cases,  it  is  impossible,  of  course,  to  state  in  terms  of 
precision  how  far  frequency  of  service  is  responsible  for  the 
remarkable  results  observed,  since  to  these  results  a  number 
of  other  causes  also  contribute.  But  without  attempting  to 
differentiate  between  these  various  factors,  it  is  sufficient  here 
to  say  that  of  the  several  causes  contributing  to  the  marked 
success  of  lines  using  electricity,  the  operation  of  train  units 
or  of  single  cars  upon  close  headway  is  recognized  to  be 
especially  attractive. 

The  advantages  resulting  from  frequency  of  service  become 
relatively  less  as  the  length  of  run  is  increased.  It  is  recog- 
nized, however,  that  the  operation  of  trains  under  close  head- 
way generally  increases  traffic,  even  where  the  haul  is  of  con- 
siderable length,  as  shown  by  the  experience  of  the  Philadelphia 
&  Reading  Railroad  in  operating  its  fast  trains  upon  one-hour 
headway  between  New  York  and  Philadelphia. 

2.  Speed:  The  possibilities  of  operating  by  electricity  at  speeds 
exceeding  the  maximum  which  can  be  obtained  safely  in  steam 
operation,  owing  to  the  elimination  of  unbalanced  reciprocating 
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parts  of  the  locomotive,  is  well-known.  It  was  strikingly  illus- 
trated in  the  Berlin-Zossen  trials  by  the  attainment  of  a  speed 
exceeding  130  miles  an  hour.  These  tests  demonstrated  the 
ability  of  electric  equipment  to  operate  at  a  sustained  speed 
more  than  twice  as  great  as  that  of  our  fastest  express  trains 
on  runs  of  any  considerable  length,  and  exceeding  by  about 
S0%  the  maximum  which  can  be  attained  even  for  a  short  dis- 
tance by  the  steam  locomotive  with  a  reasonable  degree  of 
safety. 

Even  at  speeds  at  which  steam  locomotives  may  be  operated 
without  great  danger  of  leaving  the  track,  as  a  result  of  the 
effect  of  unbalanced  reciprocating  parts,  electric  engines  are 
far  better  able  to  maintain  speed  while  drawing  heavy  trains. 
At  speeds  of  80  or  90  miles  an  hour,  for  example,  it  is  extremely 
diffictdt  to  operate  with  satisfactory  results  two  steam  loco- 
motives at  the  head  of  the  train;  while  multiple-unit  control 
places  any  necessary  number  of  locomotive  units  absolutely 
and  instantly  responsive  to  the  will  and  touch  of  a  single  oper- 
ator. At  high  speeds,  also,  the  economy  of  the  steam  loco- 
motive falls  off  rapidly  while  that  of  its  competitor  remains 
practically  constant. 

The  increase  in  average  speed  resulting  from  the  relatively 
high  acceleration  obtainable  in  the  use  of  multiple-unit  electric 
equipment  in  service  where  stations  are  very  close  together; 
e.g.t  elevated  and  subway  lines  in  cities,  and  in  suburban  service 
in  the  vicinity  of  large  cities,  has  been  discussed  frequently 
from  the  theoretical  standpoint  and  is  well  understood. 

3.  General  Comfort  of  Passengers:  The  great  advantages  of  elec- 
tric traction  in  respect  to  comfort  of  passengers  are  well-known. 
Cleanliness  and  improved  ventilation  made  possible  by  the 
elimination  of  smoke  and  cinders;  lighting  practically  without 
heat  and  at  low  cost  by  a  system  which  makes  it  easy  to  place 
lights  in  any  desired  location,  and  heating  apparatus  effectively 
and  conveniently  controlled,  are  factors  of  very  great  im- 
portance in  building  up  passenger  business  under  conditions 
of  competition.  In  operating  through  tunnels,  ventilated  with 
difficulty,  the  electric  motor,  in  eliminating  smoke  and  the  gases 
of  combustion,  possesses  an  advantage  which  is  frequently 
controlling. 

4.  Safety:  So  much  has  been  said  and  printed  in  the  daily 
press  regarding  the  alleged  dangers  of  electric  traction,  that 
it  is  well  to  place  on  record  here  a  statement  of  the  considera- 
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tions  which  inevitably  lead  to  the  conclusion  that  electric  trao« 
tion,  if  the  equipment  be  properly  designed  and  installed,  is 
essentially  and  materially  safer,  so  far  as  the  traveling  public 
is  concerned,  than  steam  traction.  The  more  important  of 
these  considerations  are: 

a.  The  fact  that  in  case  of  a  rear-end  collision,  which  is  per- 
haps the  most  frequent  form  of  accident  experienced  in  the 
operation  of  our  railway  systems,  the  energy  which  propels 
the  electric  train  can  be  shut  oflE  generally  with  great  prompt- 
ness. On  the  other  hand,  the  steam  locomotive  carrying  in 
its  fire-box  from  1500  to  2000  lb.  of  coal  heated  to  incandescence, 
almost  invariably  sets  fire  to  any  broken  cars,  or  other  com- 
bustible material  with  which  it  comes  in  contact.  Where  the 
electric  supply  to  trains  is  obtained  at  low  potential  from  a 
third  rail,  the  risk  of  short  circuit,  which  may  result  in  fire  if 
the  cars  be  not  fireproof,  is  greater  than  it  is  in  the  case  of 
overhead  construction,  even  when  the  voltage  employed  in  the 
latter  case  is  very  high.  In  fact,  in  the  latter  case  it  may  be  said 
that  risk  from  the  physiological  effects  of  the  current  or  from 
fire  resulting  from  short  circuit,  is  practically  eliminated,  except 
perhaps  in  tunnels  of  very  limited  clearance. 

6.  The  elimination  of  the  boiler  carrying  steam  at  high  pres- 
sure, also  means  the  removal  of  an  element  of  risk  which  in 
many  railroad  accidents  has  destroyed  life. 

c.  The  absence  of  smoke  in  tunnels,  and  consequent  ability 
to  see  signals  clearly  at  all  times,  constitutes  an  advantage  of 
the  utmost  importance  for  electric  operation. 

d.  Cars  drawn  by  steam  locomotives  must  be  heated  either 
by  steam  from  the  locomotives,  or  by  some  form  of  stove  car- 
ried on  the  individual  cars.  In  the  former  case,  steam  from 
broken  steam  pipes  becomes  a  serious  source  of  danger  in  case 
of  accident;  in  the  latter  the  hot  coals  from  the  stove,  even  in 
the  improved  modem  types  which  have  greatly  reduced  the 
risk  formerly  encountered,  are  a  source  of  danger.  The  sub- 
stitution of  the  electric  heater  affords  opportunity  not  only 
for  ideal  control  of  temperature  of  the  cars  but  almost  abso- 
lutely eliminates  risk  of  fire. 

e.  The  elimination  of  the  gas  tank  and  the  oil  lamp  used  for 
lighting  in  steam  traction,  and  the  substitution  of  electric  light- 
ing, also  implies  a  material  gain  in  safety. 

/.  The  danger  of  derailment  in  the  case  of  the  electric  loco- 
XDOtive  is  far  less  than  in  case  of  the  steam  locomotive,  by  rea« 
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ton  of  the  elimination  of  unbalanced  reciprocating  parts  which 
tend  to  lift  the  stediil  locottiotive  from  the  tracks.  The  ham- 
tner-blow  alio«  in  the  case  of  the  steam  locomotive,  is  respon- 
biblc  not  infrequently  in  cold  weather  for  broken  rails,  as  a 
direct  result  of  which  many  serious  accidents  have  occurred. 

g.  The  electrification  of  railways  where  high-speed  passenger 
traffic  is  involved,  affords  opportunity  for  improved  methods 
of  protecting  trains  by  signal  systems,  automatic  or  other. 

A.  The  ability  to  cut  off  power  at  will  from  a  given  section 
and  therefore  tiom  trains  operating  upon  that  section  under 
certain  conditions,  which  arise  not  infrequently  in  railway 
service,  may  be  availed  of  to  prevent  accidents.  In  steam 
railway  service,  when  an  operator  at  a  tower  having  allowed  a 
train  to  pass  learns  too  late  that  another  train  is  approaching 
in  the  opposice  direction,  he  is  powerless  to  avert  the  impending 
collision.  Wnere  the  motive  power  of  these  trains,  however, 
is  transmittea  by  electricity,  the  power  supplied  to  the  section 
might  be  cut  off  and  probably  in  time  to  prevent  the  catastrophe. 

As  against  tne  considerations  above  referred  to,  all  of  which 
tend  to  mako  electric  operation  safer  than  operation  by  steam 
locomotive,  cftc  addition  to  the  permanent  way  equipment 
of  an  electric  conductor  conveying  power  to  trains  imposes  in  the 
former  case  a  material  risk  not  involved  in  the  latter.  If  the 
power  be  supplied  through  a  third  rail,  a  guard  should  be  used 
whenever  possible  to  prevent  accidental  contact  with  the  rail 
by  employes  or  by  others  walking  upon  or  crossing  the  track. 
Several  effective  forms  of  guard  are  available,  of  which  at  least 
one  has  been  m  service  upon  a  convincing  scale  for  five  years. 

5.  Reliability  of  Train  Service:  Interesting  evidence  in  re- 
spect to  the  leiative  reliability  of  steam  locomotives,  and  of 
electric  motors  carried  upon  cars  and  controlled  by  the  multi- 
ple-unit system  of  train-control,  is  derived  from  the  official 
records  of  tne  transportation  department  of  the  Manhattan 
Division  of  tne  Interborough  Rapid  Transit  system  of  New 
York.  Upon  che  elevated  lines,  steam  locomotives  were  used 
from  the  inauguration  of  the  first  constituent  line  of  the  ul- 
timate system  ui  1872  until  1902,  during  which  year  and  a  part 
of  the  following  year,  electric  equipment  was  gradually  substi- 
tuted. The  locomotives  were  operated  under  exceptionally 
favorable  conditions,  were  not  overloaded,  were  of  simple  con- 
struction, and  admirably  maintained.  The  electric  equip- 
ment that  succeeded  them  is  operating  trains  which  average 
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6.3  cars  as  against  3.8  cars  in  the  days  of  steam  operation.  The 
average  speed,  is  materially  higher.  The  tractive  ^effort  during 
acceleration  of  a  six-car  train  is  30,000  lb.  as  against  a  maxi- 
mum draw-bar  pull  of  approximately  7,000  lb.  exerted  by  the 
steam  locomotive. 

Accurate  record  is  kept  of  the  duration  of  every  delay  in  the 
operation  of  the  trains.  The  results  for  the  months  November 
,1900  to  March  1901,  when  steam  was  used,  and  the  correspond- 
ing months  of  the  years  1905-6  under  conditions  of  electric 
operation,  illustrate  in  a  striking  manner  the  marked  gain 
in  reliability  of  service  which  has  resulted  from  the  adoption 
of  electricity,  For  the  five  months  of  steam  operation  the 
aggregate  car-mileage  was  18,527,773  miles,  and  the  aggregate 
delay  8258  train  minutes.  The  car-mileage  per  train-minute 
delay  was  2243. 

For  the  corresponding  period  of  electric  operation,  5  years 
later,  the  car-mileage  was  25,482,081,  the  aggregate  train- 
minutes*  delay  5970  and  the  car-mileage  per  train-mir.ute 
delay  was  4268. 

It  will  be  noted  that  the  months  involved  in  the  above  com- 
parison are  those  in  which  the  difficulties  of  operation,  owing 
to  weather  conditions  and  number  of  passengers  transported 
are  at  a  maximum.  Snow  and  sleet  are  among  the  greatest 
difficulties  to  be  overcome  in  the  operation  of  a  third-rail  sys- 
tem, when,  as  in  the  case  of  the  Manhattan,  the  third  rail  cannot 
be  effectively  protected  by  reason  of  limitations  in  space  avail 
able  on  the  stucture.  In  view  of  these  difficulties  and  of  the  in- 
crease in  density  of  traffic,  the  results  obtained  are  remarkable 

6.  Increased  Capacity  of  Line,  Electric  traction  as  compared 
with  steam  traction  enables  us  to  develop  much  greater  sus-- 
tained  tractive  efforts  with  given  weight  on  drivers,  by  reason  of 
more  uniform  rotative  effort.  Even  where  electric  locomotives 
are  used,  it  also  eliminates  dead  weight  by  abolishing  the  tender 
and  facilitating  construction  under  which  practically  the  en- 
tire weight  of  the  locomotive  is  carried  upon  the  drivers.  Where 
the  locomotive  is  dispensed  with,  and  the  motors  mounted 
directly  upon  trucks  of  cars  constituting  the  train,  the  best 
results  are  obtained,  the  proportion  of  weight  upon  wheels 
driven  by  motive  power  being  greater  than  is  otherwise  prac- 
ticable. This  increase  in  weight  available  for  adhesion,  in 
conjunction  with  the  characteristics  of  the  electric  motor, 
makes  it  possible  to  attain  in  electric  service  rates  of  accelera- 
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tion  altogether  impracticable  in  steam  service;  consequently 
trains  in  passenger  service  where  short  headway  is  desirable 
can  follow  each  other  at  shorter  intervals  than  is  feasible  where 
steam  motive  power  equipment  is  employed. 

In  the  operation  of  freight  trains,  if  it  should  ever  become 
practicable  to  distribute  electric  locomotives  throughout  the 
length  of  the  train  and  operate  them  by  multiple-unit  control, 
trains  of  length  far  beyond  present  limits  cotdd  be  operated. 
At  present,  the  length  of  a  freight  train  is  limited  by  the  strength 
of  the  draft-gear,  and  steam  locomotives  cannot  advantage- 
ously be  distributed  at  intervals  throughout  a  very  long  train, 
as  no  means  is  available  for  controlling  their  effort  simtd- 
taneously  and  satisfactorily. 

Obviously,  a  system  permitting  distribution  of  the  motive 
power  at  convenient  intervals  throughout  the  train,  and  simul- 
taneously controlled  by  the  hand  of  a  single  engineman,  pre- 
sents possibilities  of  increasing  track  capacity  which  under 
conditions  now  existing  on  many  through  lines  should  be  of 
great  value. 

7.  Frequency  of  Stops:  The  interurban  electric  line  compet- 
ing with  the  steam  railroad  for  traffic  between  two  cities  possesses 
great  advantage  in  the  collection  and  distribution  of  passengers, 
from  the  ability  of  its  cars  to  stop  at  any  street  intersection  or 
other  convenient  point,  instead  of  receiving  and  discharging 
passengers  at  a  single  railway  station  in  each  town.  These 
frequent  stops,  however,  operate  to  reduce  speed  materially, 
and  but  for  the  ability  of  the  electric  equipment  to  accelerate 
rapidly  the  limitation  would  be  very  serious.  As  speed  be- 
tween terminals  is  increased,  the  tendency  to  reduce  the  ntmi- 
ber  of  stops  made  to  take  on  or  let  off  passengers  is  noticeable  in 
the  development  of  many  interurban  lines. 

8.  Convenient  Establishment  of  Feeder  Lines:  Frequency  of 
stops  for  convenient  collection  and  distribution  of  passengers, 
and  high  speed  between  terminals,  being  considerations  which 
are  essentially  opposed,  the  advantages  of  a  four- track  system 
permitting  operation  of  local  or  collecting  train  units  on  two 
tracks,  and  express  trains  on  the  other  two  tracks,  are  obvious. 
The  great  expense  of  such  a  system,  however,  can  be  borne 
only  where  traffic  is  very  heavy. 

A  natural  development  which  during  the  last  five  years  has 
been  very  rapid,  is  found  in  the  use  of  comparatively  short 
electric  trolley  hnes  in  connection  with  steam  express  service 
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for  long-distance  runs.  This  method  of  utilizing  the  advan- 
tages of  local  electric  lines  by  the  companies  operating  trunk 
line  systems  is  eminently  wise,  and  in  general  should  be  highly 
advantageous  to  the  properties  concerned  while  increasing 
materially  the  facilities  offered  to  the  public.  It  may  be 
pointed  out,  however,  that  were  the  trunk  line  systems  to  utilize 
electricity  for  through  traffic,  the  extension  and  systematic 
improvement  of  local  feeders  would  be  facilitated  for  a  number 
of  reasons,  notably: 

1.  The  fact  that  power  developed  in  large  amount,  as  for 
the  operation  of  heavy  through  traffic,  is  produced  at  low  cost 
per  unit,  and  would  be  available  at  all- points  along  the  line 
for  the  operation  of  cars  on  local  feeder  lines. 

2.  The  convenient  possibility  of  attaching  cars  or  short  trains 
arriving  on  local  lines  to  through  trains  at  points  of  junction. 
The  multiple-unit  system  of  car  equipment  lends  itself  admirably 
to  this  method  of  operation. 

Illustrations  op  Passbngbr  Business  Dbvblopbd  by  Intbr- 
URBAN  Electric  Lines. 

In  a  very  comprehensive  paper  presented  by  Mr.  J.  G.  White 
before  the  International  Engineering  Congress  at  St.  Louis  in 
1904,  the  following  striking  illustrations  of  the  advantages  of 
frequent  service  are  given: 

"  Cleveland-Oberlin  Line.  These  cities  are  34"miles  apart. 
The  competitors  for  passenger  traffic  between  these  cities  and 
intermediate  points  are  the  Lake  Shore  &  Michigan  Southern 
Railroad  (steam)  and  the  Cleveland,  Elyria  &  Western  (electric). 
In  1896  the  total  number  of  passengers  carried  by  the  steam 
railway  between  these  cities  and  intermediate  points  was 
203,014.  This  total  decreased  gradually  after  the  competing 
electric  line  was  opened  to  a  minimum  in  1899  of  71,755,  from 
which  it  gradually  recovered  in  1902  to  91,761,  but  during 
this  same  year  the  electric  road  carried  a  total  of  about  3,000,000. 

**  Cleveland'Painesville  Line.  These  cities  are  39  miles  apart. 
The  competitors  for  passenger  traffic  are  the  Lake  Shore  (steam) 
and  the  Cleveland-Painesville  &  Eastern  Railway  (electric). 
In  1895  the  steam  road  carried  between  the  terminals  and  inter- 
mediate points  199,292  passengers,  but  in  1902  it  carried  only 
28,708  passengers,  while  the  electric  system  carried  1,537,764 
passengers. 

"  Cleveland-Lorain    Line.     These    cities    are  26  miles  apart. 
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Competitors  are  the  New  York,  Chicago  &  St.  Louis  Railroad 
(steam)  and  the  Lake  Shore  (electric).  In  1895  the  steam  road 
carried  42,526  passengers  but  in  1902  it  carried  only  9,795  pas- 
sengers, the  electric  road  in  the  same  year  carrying  3,896,902 
passengers.** 

The  Lackawanna  &  Wyoming  Valley  Railway  Company, 
operating  a  double  track  system  between  the  cities  of  Scranton 
and  Wilkes-Barre,  Pa.,  carried,  during  the  four  months  ending 
October  1906,  1,396,833  passengers.  This  railway,  18  -miles 
in  length,  competes  with  two  double-track  steam  railways 
having  excellent  terminals  in  both  cities,  and  with  a  third 
double-track  steam  railway  having  an  equally  good  terminal 
in  Scranton,  but  a  less  favorably  located  terminal  at  the  Wilkes* 
Barre  end  of  the  line.  The  electric  railway  charges  30  cents  for 
the  ride  between  the  two  cities  and  sells  round-trip  tickets  for 
50  cents.  Except  at  certain  hours,  it  operates  its  service  upon 
10  minutes'  headway.  At  least  one  of  the  steam  railways,  in 
the  endeavor  to  retain  its  passenger  business,  has  reduced  its 
rate  to  40  cents  for  the  round  trip.  It  has  also  increased  the 
frequency  of  its  train  service.  We  have  been  unable  to  ascer- 
tain the  number  of  passengers  carried  by  the  competing  steam 
lines  during  the  four  months  above  referred  to,  but  the  earning 
power  of  frequent  electric  service  is  strikingly  demonstrated 
by  the  fact  that  this  railroad,  operating  in  competition  with 
three  double-track  steam  railways  of  practically  identical 
length  and  substantially  equal  terminal  facilities,  should  be 
doing  a  business  which  represents  an  income  of  $5.00  per  capita 
per  annum  of  tributary  population,  including  that  of  the  ter- 
minal cities. 

Electrification  of  Transportation  Systems  in  Manhattan 
AND  THE  Bronx — Effect  upon  Traffic 

A  study  of  the  transportation  statistics  of  New  York  City, 
particularly  during  the  last  decade,  is  not  only  of  great  local 
interest,  but  is  instructive  as  illustrating  the  effect  of  improve- 
ment in  transit  facilities  upon  gross  receipts. 

The  data  graphically  summarized  in  Figs.  1 , 2,  and  3  have  been 
compiled  from  official  records;  those  subsequent  to  June  30, 1883, 
being  obtained  from  the  reports  of  the  State  Surveyor  and  of  the 
Railroad  Commission  of  the  State  of  New  York,  The  effects 
of  improved  service  are  clearly  evident  from  an  inspection  of 
these  figures. 
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In  Fig.  1,  the  line  marked  "  All  lines  "  indicates  for  each 
year  ending  June  30,  the  aggregate  paid  fares  collected  by  all 
surface,  elevated,  and  subway  lines  in  the  Boroughs  of  Manhattan 
and  Bronx.  It  will  be  noticed  that  the  aggregate  paid  fares 
for  the  year  ending  June  30,  1894,  and  also  for  the  following 
year,  were  slightly  less  than  for  the  yeAr  ending  June  30,  1893, 
this  reduction  doubtless  being  due  to  the  hard  times  which  then 
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prevailed.  With  this  exception,  the  aggregate  of  paid  fares 
for  all  lines  shows  in  each  year  an  increase  over  the  preceding 
year.  Comparing  the  Manhattan  System  for  the  year  1893 
with  the  same  system  for  the  year  1899.  a  decrease  of  21%  in 
paid  fares  is  shown.  During  the  same  period  the  paid  fares 
of  surface  lines,  which  meanwhile  in  large  degree  had  adopted 
electric  operation,  increased  by  43^j;.     That  the  decrease  in 
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business  on  the  elevated  lines  was  not  due  to  any  decrease  in 
the  service,  is  shown  by  Fig.  2,  from  which  it  will  be  seen  that 
the  car  mileage  operated  increased  steadily  during  this  period. 
The  unavoidable  inference  is  that  the  diversion  of  traffic  to  the 
surface  lines  was  a  direct  result  of  the  improved  service  offered 
by  the  latter. 

During  the  year  ending  June  30,  1901,  the  last  fiscal  year 
of  steam  operation  on  the  elevated  lines,  the  Manhattan  system 
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collected  190,045,741  fares.  The  surface  lines  collected 
388,108,794  fares.  During  the  year  ending  June  30,  1904,  the 
Manhattan  System,  now  operated  by  electricity,  collected 
286,634,195  fares,  an  increase  of  50%,  while  the  surface  lines 
collected  419,423,092.  an  increase  of  about  8%.  In  the  fol- 
lowing year,  1904,  the  subway  began  operation,  and  both  ele- 
vated and  surface  lines  recorded  a  decrease  in  fares  collected. 
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In  Fig.  4  are  plotted  curves  showing  the  population  of,  a, 
Greater  New  York  and,  6,  the  Boroughs  of  Manhattan  and  the 
Bronx.     The  points  which  fix  these  curves  from  1860  to  1900 
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inclusive,  are  from  the  United  States  Census  Reports.  For 
the  years  1910  and  1920  the  estimated  population  is  based 
upon  the  average  rate  of  change  in  the  per  cent,  increase  per 
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decade  from  1860  to  1900.  Up  to  1905,  the  population  as 
indicated  in  these  curves  is  undoubtedly  not  far  from  the  fact; 
for  1910  and  1920  the  probable  populations  indicated  are  in- 
teresting, although  the  curves  take  no  account  of  the  effect  of 
improved  transit  facilities  between  Manhattan  and  Long  Island, 
and  between  Manhattan  and  New  Jersey. 

Notwithstanding  the  very  rapid  increase  in  population  of  the 
Boroughs  of  Manhattan  and  Bronx  from  1890  to  1905,  the  paid 
fares  collected  by  the  several  transportation  systems  have 
increased  still  more  rapidly,  as  shown  in  the  curve  of  paid  fares 
per  capita  in  Fig.- 3. 

In  the  same  figure  are  shown  the  increase  in  car-miles  per 
capita  per  annum,  and  in  car-miles  per  annum  per  square  mile 
of  territory  served. 

While  it  is  not  directly  pertinent  to  this  discussion,  we  would 
here  call  attention  to  a  fact  of  great  importance  to  those  re- 
sponsible for  the  development  of  the  systems  of  transportation 
in  the  City  of  New  York;  viz.,  the  fact  that  while  for  the  year 
ending  June  30,  1906,  the  subway  carried  137,919,632  passen- 
gers, the  aggregate  carried  by  the  elevated  and  surface  lines  was 
but  23,684,957  less  than  the  aggregate  carried  by  these  lines 
during  the  year  ending  June  30,  1904.  the  last  fiscal  year  before 
the  subway  began  operation.  In  other  words,  comparing  the 
year  1906  with  1904,  the  aggregate  paid  fares  on  elevated, 
surface,  and  subway  lines,  increased  by  114,234,675,  which  is 
about  three-fourths  the  ultimate  capacity  of  the  present  subway. 
It  is  evident  from  inspection  of  these  curves,  that  the  existing 
systems  are  destined  to  be  still  further  and  greatly  overcrowded 
before  additional  subways  can  be  completed. 

It  is  of  course  impracticable  in  studying  the  results  of  improved 
service  in  the  electrification  of  elevated,  surface,  and  subway 
lines  in  New  York,  to  attempt  to  differentiate  the  causes  which 
have  contributed  to  the  increased  traffic.  While  that  increase 
has  been  due  undoubtedly  in  large  part  to  the  improved  service 
offered,  it  is  also  obvious  that  the  number  of  passengers  carried 
would  have  increased  very  materially  by  the  growth  of  popula- 
tion, even  had  no  improvement  in  the  old  conditions  of  service 
been  effected.  But  it  cannot  be  too  strongly  emphasized,, 
that  while  from  one  point  of  view  improved  transit  facilities 
are  a  result  of  increased  population,  from  another  and  equally 
tenable  point  of  view,  increased  population  is  a  result  of  im- 
proved transit  facilities. 


46  STILLWELL  AND  PUTNAM  [Jan.  25 

Comparative  Costs  of  Operation. 

As  the  standard  with  which  to  compare  our  estimates  of 
cost  of  electric  operation,  we  have  adopted  the  grand  average 
results  obtained  in  operation  by  steam  locomotives  upon  the 
existing  railways  of  the  United  States,  as  set  forth  in  the  report 
of  Statistics  of  Railways  for  1904  compiled  by  the  Interstate 
Commerce  Commission,  and  proof-sheets  of  the  report  of  the 
Commission  for  the  year  1905.  We  shall  follow  the  classification 
of  operating  expenses  adopted  by  the  commission,  and  generally 
used  by  the  railroad  companies  in  their  annual  reports.  The 
estimated  costs  of  electric  operation  being  approximately  de- 
termined as  compared  with  the  grand  averages  obtaining  in 
steam  railroad  practice  in  this  country,  the  work  of  determining, 
for  any  given  case,  the  relative  advantages  and  disadvantages 
of  steam  and  electric  operation  will  perhaps  be  facilitated.  We 
compare,  of  course,  the  itemized  operating  expenses  in  the  case 
of  operation  by  electricity  with  corresponding  expenses  under  ex- 
isting conditions  of  steam  motive  power  equipment.  In  esti- 
mating operating  expenses  of  electric  equipment,  we  have  based 
conclusions  upon  results  obtained  in  practice  so  far  as  we  pos- 
sess the  necessary  data. 

The  substitution  of  electric  for  steam  equipment  involves  a 
large  investment  in  power  plant,  and  in  electric  conductors  and 
apparatus  for  conveying  power  from  the  power  plant  to  the 
moving  trains.  The  distributing  system  for  alternating-current 
equipment,  which  is  the  only  class  of  equipment  deserving' 
serious  consideration  in  connection  with  the  general  problem 
which  we  are  discussing,  comprises  an  addition  to  permanent 
way  equipment  in  the  form  of  overhead  construction  and  electrical 
conductors  conveying  power  from  the  power  house  to  the  trolley  or 
conductor  which  is  carried  above  the  track.  At  the  present  time, 
the  limit  of  potential  generally  adopted  in  this  country  in  con- 
structing alternating-current  dynamos  is  1 1 ,000  volts.  Where  this 
voltage  is  generated,  and  the  distance  from  the  power  house  to 
the  section  of  railroad  to  be  electrified  does  not  exceed  25  or 
30  miles,  step-up  and  step-down  transformers  arc  unnecessary. 
For  greater  distances,  higher  potentials  are  used  upon  the  feeder 
circuits  between  power  house  and  trolley,  transformers  for 
increasing  the  generated  potential  being  installed  in  the  power 
house,  and  transformers  for  lowering  the  potential  to  that  selected 
for  the  trolley;  ^.g.,  11,000  volts,  being  located  in  suitable  trans- 
former houses  at  intervals  of  from  30  to  50  miles,  depending 
chiefly  upon  density  of  traffic. 
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For  the  trolley,  a  potential  of  11,000  volts  is  siiitable  and  can 
be  adequately  insulated.  The  mechanical  support  for  the  trol- 
ley comprises,  preferably  steel  poles  with  brackets  or  light 
steel  bridges  spanning  the  track. 

The  cost  of  the  power  plant  and  distributing  system  are 
properly  chargeable  to  capital  account. 

Our  estimates  are  based  upon  the  assumption  that  single- 
phase  alternating-current  equipment  is  used;  that  the  trolley 
potential  is  11,000  volts;  that  each  power-house  supplies  rail- 
way line  to  a  distance  of  150  miles  in  each  direction,  the  feeder 
potential  employed  being  60,000  volts;  that  the  overhead  con- 
struction is  first  class  in  every  respect,  steel  bridges  and  steel 
poles  set  in  concrete  being  used  exclusively  for  the  support  of 
both  trolley  conductors  and  feeders.* 

As  regards  equipment  of  the  rolling  stock,  it  is  the  general 
practice  of  our  railways  to  charge  against  operating  expenses 
all  new  equipment  purchased  to  replace  that  which  has  been 
worn  out  in  service.  In  the  adoption  of  electricity,  it  would 
seem  that  this  method  might  be  followed  in  general  by  our 
more  important  railway  systems,  the  substitution  of  electric 
equipment  beginning  naturally  upon  those  parts  of  the  system 
where  the  resulting  advantages  are  maximum.  In  other  words, 
worn-out  locomotives,  etc.,  on  such  a  system  might  be  replaced 
by  electric  equipment  and  the  cost  of  the  equipment  charged 
against  operation,  just  as  the  cost  of  new  steam  locomotives 
otherwise  required  would  be  charged  against  operation.  For 
example,  the  Erie  Railroad  system,  on  June  30,  1906,  had  1333 
locomotives  in  service.  Taking  no  account  of  increases  necessi- 
tated by  growth  of  the  company's  business,  not  less  than  60 
new  locomotives  should  be  added  to  this  equipment  each  year 
to  take  the  place  of  those  worn  out  in  service.  The  cost  of 
these  new  locomotives  under  steam  operation  would  be  charged 
against  **  Repairs  and  renewals  of  locomotives,"  and  it  would 
seem  that  their  value  expended  for  electric  equipment  to  re- 
place them  might  be  similarly  charged.  In  addition  to.  the 
purchase  of  new  locomotives  to  replace  those  worn  out  in  ser- 
vice, our  railroads  are  compelled  from  year  to  year,  by  the 

*In  assuming  the  use  of  the  single-phase  system  we  are  not  condemn- 
ing other  systems.  The  three-phase  system  has  not  received  from  Ameri- 
can engineers  in  general,  that  degree  of  consideration  which  its  possi- 
bilities and  demonstrated  advantages  justify.  Its  use,  at  least  on  moun- 
tain-grade divisions,  can  be  supported  by  very  strong  arguments. 
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growth  of  their  business,  to  purchase  additional  locomotives 
and  other  rolling  equipment.  While  these  are  usually  charged 
against  capital  account  in  one  form  or  another,  it  may  be  pointed 
out  that  any  method  of  financing  their  cost  which  may  be 
adopted  is  equally  applicable  to  electric  locomotives. 

In  cases  where  the  initial  substitution  of  electricity  is  on  a 
large  scale,  as  compared  with  the  total  rolling  stock  equipment 
of  the  railroad  making  the  change,  it  is  probable  that  a  part 
if  not  all  of  the  cost  of  electric  rolling  stock  equipment  will 
generally  be  charged  to  capital  account. 

We  proceed  to  compare  the  cost  of  electric  operation  with 
the  cost  of  operation  by  steam  locomotives,  using  as  our  standard 
of  comparison  the  grand  average  results  in  steam  operation  in 
the  United  States  for  the  years  1901-1905,  inclusive.  These 
average  results  are  set  forth  in  the  following  tables  compiled 
from  the  reports  of  the  Interstate  Commerce  Commission  and 
printed  on  the  three  following  pages.  Many  of  the  items,  in- 
cluded in  this  tabulation  vary  between  wide  limits  in  the 
practice  of  different  railroads. 

Maintenance  op  Way  and  Structures 
Under  the  general  heading,  "  Maintenance  of  Way  and  Struc- 
tures," item  No.  1,  **  Repairs  of  Roadway,"  if  changed  at  all 
should  show  some  reduction  under  conditions  of  electric  opera- 
tion, but  obviously  no  material  change  is  to  be  expected.  We 
assume  therefore  that  this  item,  amounting  to  10.818%  of  total 
operating  expenses,  will  remain  unchanged. 

The  items,  **  Renewals  of  rails,"  **  Renewals  of  ties,"  and 
**  Repairs  and  renewals  of  bridges  and  culverts,"  may  be  con- 
veniently grouped.  In  the  aggregate,  these  on  the  average  steam 
operated  railroad  amount  to  6.33%  of  the  total  cost  of  opera- 
tion. If  the  electric  locomotive  be  substituted  for  the  steam 
locomotive,  it  is  safe  to  predict  that  this  group  of  items  of 
expense  will  be  reduced ;  but  it  is  practically  impossible  to  state 
with  accuracy  what  the  reduction  will  amount  to.  In  general, 
it  is  obvious  that  the  substitution  of  electric  locomotives  de- 
veloping equal  draw-bar  pull,  with  axle-loads  reduced  at 
least  25%  as  compared  with  steam  locomotives,  and  with 
wheel-bases  not  exceeding  those  of  steam  locomotives,  should 
favorably  affect  these  items.  Prom  the  best  study  which  we 
have  been  able  to  make  of  the  detailed  factors  comprised  under 
these  three  items  of  the  classification,  it  would  seem  that  under 
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of    Way 
and  Stractiiraf — 

1.  Repairs  of  roadway 

2.  Renewals  of  rails. . 

3.  Renewals  of  ties. . . 

4.  Repairs  and  renew- 
als of  bridges  and 
culverts 


5.  Repairs  and  renew 
als  of  fences,  road- 
crossings,  signs  and 
cattle-giaaroB 

6.  Repairs  and  renew 
als  of  buildings  and 
fixtures 

7.  Repairs  and  renew 
als  of  docks  and 
wharves 


8.  Repairs  and  renew- 
als of  telegraph 

0.  Stationery         and 
printing 


10.  Other  expenses. .. . 

Repairs  and  renew- 
als  of  track  bond- 

IQff.  , 


Repairs  and  renew- 
als of  overhead 
construction 


MalntMiaace  of  Equlp- 


11.  Superintendence  . . 

12.  Repairs  and  renew- 
als of  locomotives. 

13.  Repairs  and  renew- 
als oC  passenger 
cars 


14.  Repairs  and  renew- 
als of  freight  cars. 

15.  Repairs  and  renew- 
<   als  of  work  cars 

16.  Repairs  and  renew- 
als of  marine  equip- 


17.  Repairs  and  renew- 
als of  shop  machin- 
ery and  tools. . . 

18.  Sutfenery  and 
printing 


19.  Other  expenses. 


Amount 
1006 


274.415.279 

144.161.701 

18,259.022 

36.856.864 

32.166.990 

6,179.686 

29.320.204 

2.883.274 

2.874,932 

383,158 
1.829.448 


288.012.604 
7.831.965 

114,088,428 

27.342.12C 

118,723.239 

3,360.390 

2.650,543 

9.186.101 

595.571 
8.334.240 


Per  cent. 


1905 

19.784 

10.393 

1.316 

2.667 

2.319 

0.446 

2.114 

0.208 

0.171 

0.028 
0.132 


20.765 
0.565 

8.290 

1.971 
8.199 
0.242 

0.191 

0.663 
0.043 


1904 

19.519 

10.348 

1.298 

2.519 

2.228 

0.437 

2.147 

0.209 

0.179 

0.029 
0.125 


1903 

21.185 

11.093 

1.386 

2.487 

2.461 

0.527 

2.590 

0.235 

0.165 

0.032 
0.209 


19.967 
0.567 

7. 904 

1.951 
7.777 
0.23 

0.154 

0.704 
0.042 


19.133 
0.559 

7.408 

2.044 
7.442 
0.242 

0.177 

0.696 
0.046 


0.6011  0.6371  0.519 


1902 

22.255 

11.331 

1.521 

2.838 

2.593 

0.625 

2.562 

0.220 

0.173 

0.031 
0.361 


19.127 
0.601 

7.246 


1901 

22.272 

10.294 

1.676 

3.140 

2.730 

0.598 

2.417 

0.283 

0.158 

0.029 
0.317 


18.629 
0.599 

6.605 


2.157    2.277 


Aver- 
age 
Five 

Years 


21.003 

10.818 

1.439 

2.728 


Estimated 
Cost  of 
operation 
by  Elec- 
tricity 


22.354 
10.818 

5.00 


2.466  j 

0.527 

2.366 

0.231 

0.169 

0.030 
0.229 


7.432 
0.2*45 

0.215 

0.643 

0.044 
0.544 


7.436 
0.233 

0.234 

0.605 
0.043 


19.524 
0.578 

7.509 

2.080 
7.657 
0.238 

.0.194 

0.662 

! 

0.044 


! 


0.507i  0.562 


0.527 

1.300 

0.231 

0.160 

0.030 
0.229 

O.SOO 

3.250 

12.287 
0.578 

2.253 

2.080 
6.000 
0.238 

0.194 

0.500 

0.044 
0.400 


:-  NoTB. — It  is  customary  with  some  railroads  using  electric  equipment  to  IntlvTde  under 
tne  general  heading  "  Maintenance  of  Equipment."  the  maintenance  of  the  power  plant 
and  electric  transmission  systems.  Both  of  these,  however,  are  more  conveniently  treated 
by  including  them  in  the  cost  of  electric  power  delivered  to  the  overhead  trolley  system 
or  third  rail. 
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Item 

Coadwrttac  TnuMporta- 
tioB 


20.  Superintendence  . . 

21.  Engine- and  round- 
house men 


22.  Fuel    for    locomo- 
tives  


23.  Water   supply   for 
locomotives 


24.  Oil.  tallow,  and 
waste  for  locomo- 
tives  


25.  Other  supplies  for 
locomotives 


96w  Train  service. 


27.  Train  supplies  and 
•  expenses 


28  Switchmen,   flag' 
men    and    watch- 
men. .* 


29.  Telegraph  expenses 
ao.  Station  service. . .  . 

31.  Station  supplies. .  . 

32.  Switching  charges, 
balance 


33  .Car  per  diem  and 
mileage,  balance.  . 

34.  Hire  of  equipment, 
balance 


Amount 
1905 


769.618.017 
25.007.322 

130.437.844 


Per  cent. 


1005 

55.486 
1.803 

9.404 


156.429.245  11.278 


9.147,590 

5.442.970 

3.295.384 
90.654.520 

21.963.086 

60.141.422 

24.823.266 

89.304.658 

8.961.573 

4.201.050 

18.835.325 

3.040.641 
19.782.692 


0.660 

0.392 

0. 
6.536 

1.583 

4.336 
1.790 
6.438 
0.646 

0.303 

1.358 

0.219 
1.426 


35.  Loss  and  damage 

36.  Injuries  to  persons.  I  16.034.727:  1.156 

37.  Clearing  wrecks. .  .1  3.594.658;  0.259 

38.  Operating     marine 
equipment i  9.903.479;  0714 

.to.  Advertising 5.959.380  0 .  430 

40.  Outside  agencies.  19.688.261 1  1.419 


41.  Commissions. 


42.  Stock     yards    and 
elevatora 


43.  Rents  of  tracks. 
yards  and  termi- 
tr^ls 

14.  Rents  of  building 
and  other  property 


23.3.987!  0.017 


786.ay) 


23.947.881 


0.057 


1.727 


1 
4.814.407    0.347 


45.  Stationery         and, 
printing |     8.772.789    0.632 

46.  Other  expenses. ...  I     4.408,010    0.318 


1904 

1903 

1902 

56.670 

55.893 

54.671 

1.779 

1.742 

1.711 

9.550 

9.562 

9.401 

12.128 

11.675 

10.776 

0.659 

0.614 

0.623 

0.397 

0.389 

0.366 

0.248 

0.232 

0.218 

6.735 

6.677 

6.737 

1.581 

1.552 

1.500 

4.386 

4.313 

3.984 

1.788 

1.754 

1.784 

6.605 

6.664 

6.832 

0.686 

0.667 

0.676 

0.280 

0.244 

0.272 

1.358 

1.400 

1.480 

0.195 

0.214 

0.180 

1.279 

1.094 

0.990 

1.196 

1.120 

1.048 

0.275 

0.284 

0.221 

0.696 

0.745 

0.721 

0.418 

0.428 

0.420 

1.411 

1.449 

1.579 

0.022 

0.044 

0.077 

0.060 

O.O."*? 

0.0G9 

1.563 

1.544 

1.519 

0.382 

0.411 

0.440 

0.640 

0.642 

0.622 

0.353 

0.376 

0.416 

Aver- 

ag« 
Five 
Years 


1901 

54.979 
1.726 

9.340 

10.602 

0.612 

0.361 

0.206 
7.011 

1.471 

3.848 

1.785|  1.780 
6. 9471  6.697 
0.6721  0.669 


55.540 
1.752 

9.451 

11.292 

0.684 

0.381 

0.228 
6.739 

1.537 
4.173 


Estimated 

Cost  of 

operation 

.by  Blac- 

tridty 


48.603 
1.752 

4.710 

5.702 

0.000 

0.250 

0.228 

6.739 

1.000 

4.178 
2.000 
6.697 
0.669 

0.284 


0.284 

1.423 

0.194        0.194 
1.112        0.750 

1.086'       1.000 

I 


0.319 

1.618 

0.161 
0.819 
0.911 
0.189|  0.246!       0.200 

0.8621  0.748*       0.748 

I 
0.428    0.427,       0.427 


1.615    1.495  1  495 

0.089    0.050*  0.050 

0. 07.51  0.064'  0.064 

1.724'   1.615.  1.615 

;  I 

I  I 

0.440    0.404  0.404 

,       I 

0  6.38    0.634  0.634 

0.510    0.305  0.395 
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Item 
Qtatnl  Exi 


47.  SAkriM  of  genentl 
ofiiccfs 


48.  Salaries    of    clerks 
and  attendants. 


49.  General   office   ex- 
penses    and    sup- 


pliet, 
In 


sa. 

51.  Law  expenses. 


62.  Stationery  and 
printing  (general 
expenses) 


63.  Other  expenses. .. . 


RacapHulatioa   of   Ex- 


54.  Maintenance        of 
way  and  structures 


56.  Maintenance 
equipment... 


of 


Amount 
1906 

65.022.127 
U. 676.616 
18.682.142 


3.459.470 
6.885.032 
7.096.275 


2.439.781 


Per  cent. 


1906 
3.966 

0.842 

1.340 


0.249 
0.406 
0.512 


0.176 


4.861.911    0.350 


56.  Conducting    trans- 
portation  


57.  General  expenses. . 
Grand  Total 


274.415.279  10.784 

I 
288.012.604  20.765 


769.613.017 
56.002.127 


1.387.043.0 


55.486 
3.965 


27100. 


1904 
3.844 

0.841 

1.313 


0.230   0.234 


0.471 
0.513 


0.170 
0.306 


19.519 

19.967 

56.670 
3.844 


100. 


1903 
3.789 

0.823 

1.254 


0.432 
0.541 


0.175 
0.3330 


21.185 

19.133 

55.893 
3.789 


100. 


1902 
3.947 

0.925 

1.244 


0.249 
0.412 
0.558 


0.168 
0.391 


1901 
4.120 

0.984 

1.262 


0.267 
0.384 
0.549 


0.161 
0.447 


Aver- 

Years 
3.988 

0.883 

1.283 


0.244 
0.439 
0.649 


0.170 
0.365 


22.255 

19.127 

54.671 
3.947 


22.272 

18.629 

54.979 
4.120 


100. 


21.003 

19.524 

55.540 
3.933 


100. 


100. 


Cost  of 
operatMO 
by  Blec- 

tiidty 

3. 988 


0.883 


1.283 


0.244 
0.439 
0.549 


0.170 
0.365 


22.354 

12.287 

43.603 
3.933 


82.177 


electric  operation  they  should  be  reduced  about  one-fourth; 
in  other  words,  they  should  approximate  5%  of  the  total  oper- 
ating expenses.  It  is  not  to  be  imagined,  of  course,  that  rail- 
roads adopting  electric  traction  would  limit  themselves  to  equal 
draw-bar  pull  and  not  increase  loads.  They  would,  naturally, 
take  advantage  of  the  possibility  of  increasing  draw-bar  pull 
so  far  as  strength  of  draft-gear  may  permit,  thereby  effecting 
gains  far  outweighing  the  decrease  in  operating  expenses 
represented  by  saving  in  maintenance  of  roadway,  rails,  and 
ties,  which  would  result  from  a  decrease  in  the  weight  of  loco- 
motives. This  argument  is  valid,  not  only  with  reference  to 
high-speed  passenger  traffic,  in  which  the  hammer-blow  of  the 
engine  is  emphasized,  but  also  in  connection  with  freight  traffic, 
where  in  recent  years  there  is  a  marked  tendency  to  employ 
trains  of  great  length  and  locomotives  of  extreme  weight. 

The  cost  of  track-maintenance  is  increased  by  reason  of  the 
electric   bonding   of   the   rails.     This   bonding,    including   the 
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cost  of  special  bonds  necessary  where  an  automatic  track  signal 
System  is  used,  will  cost  about  $500  per  mile  under  average 
conditions.  Its  cost  of  inspection  and  maintenance  should  not 
exceed  $50  per  mile  of  single  track  per  annum. 

The  annual  cost  of  **  Renewals  of  rails,"  '**  Renewals  of  ties," 
and  "  Repairs  and  Renewals  of  bridges  and  culverts,"  averages 
in  the  United  States  $400  per  mile  of  track,  which  as  above 
stated,  is  6.633%  of  average  operating  expenses,  under  steam 
operation,  and  for  equal  trains,  as  we  have  estimated,  5%  for 
electric  operation.  The  effect  of  the  cost  of  track-bonding, 
therefore,  would  increase  the  items  under,  consideration  by 
about  one-eighth,  which  is  equivalent  to  an  increase  of  0.8% 
in  operating  expenses.  To  avoid  possible  confusion,  we  include 
the  cost  of  **  Repairs  and  renewals  of  track  bonding  "  as  a 
separate  item  in  the  column  **  Estimated  Cost  of  Operation  by 
Electricity." 

Under  the  general  conditions  which  will  govern  where  elec- 
tricity is  substituted  for  steam  in  railway  operation,  there  can 
be  no  doubt  that  the  substitution  will  result  in  a  material 
reduction  in  the  cost  of  maintenance  of  rails,  ties,  bridges, 
and  culverts.  In  this  substitution  electric  locomotives  will  be 
used  for  freight  traffic,  while  for  passenger  traffic  locomotives 
will  be  eliminated  iiltiniately  and  multiple-unit  car  equipments 
employed.  For  the  immediate  future,  however,  locomotives 
will  be  employed  not  only  for  freight  traffic  but  also  in  some 
cases  for  passenger  traffic,  for  the  practical  reasons  which  have 
impelled  the  Pennsylvania,  the  New  York  Central,  and  the  New 
York,  New  Haven  &  Hartford  systems  in  electrifying  their 
New  York  terminals  to  adopt  electric  locomotives  for  handling 
their  through  trains. 

The  hammer-blow  upon  rails,  is  largely  and  in  some  cases  wholly 
avoided  by  the  adoption  of  electricity;  e.g.,  the  entire  electric 
equipment  of  the  heavy  locomotives  used  in  the  Baltimore  tunnel 
is  spring-borne ;  this  is  true  also  of  the  70-ton  Ganz  locomotives 
recently  placed  in  operation  upon  the  Valtellina,  and  of  the  single- 
phase  locomotives  ordered  by  the  New  York,  New  Haven  &  Hart- 
ford Railroad.  In  the  case  of  the  locomotives  recently  constructed 
for  the  New  York  Central  Railroad  .the  motor  armature  is  car- 
ried by  the  axle.  The  armature  and  axle  weigh  7460  lb.; 
obviously  the  hammer-blow,  even  in  this  case,  is  not  to  be  com.- 
pared  with  th^  tremendous  blow  due  to  unbalanced  recipro- 
cating parts,  the  inertia  of  which  in  steam  locomotives  at  high 
speeds  is  sufficient  actually  to  lift  the  wheels  from  the  track. 
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The  hammer-blow  is  less  serious  at  the  speeds  at  which 
freight  trains  usually  travel;  but  even  if  we  ignore  entirely 
the  effect  of  the  unbalanced  parts  in  this  case,  the  electric 
locomotive  still  possesses  the  important  advantage  that  its 
ratio  of  tractive  effort  to  weight  is  much  higher  than  that  of 
the  steam  locomotive. 

The  most  striking  feature  in  American  railway  operation  in 
recent  years  is  the  increase  in  length  of  train  and  weight  of 
locomotive,  under  pressure  of  business  which  has  increased  at 
a  ratio  much  exceeding  the  ratio  of  increase  in  track  mileage. 
Despite  the  efforts  of  our  railway  engineers  and  managers, 
the  roadbed  has  not  kept  pace  with  this  advance;  and  while 
the  weight  of  rail  has  been  increased  materially,  the  factors 
of  safety  as  regards  weight  upon  ties  and  bridges,  and  par- 
ticularly as  regards  the  security  of  rails  against  displacement 
due  to  side-thrust  on  curves,  are  by  no  means  what  they  should 
be,  and  yet  apparently  have  reached  their  limit.  Lieut.-Col. 
Yorke,  Chief  Inspector  for  the  British  Board  of  Trade,  in  his 
report  of  the  results  of  his  observations  in  the  United  States 
in  1903,  called  particular  attention  to  this  fact,  and  expressed 
the  opinion  that  American  railway  practice  is  tending  towards 
British  practice  in  respect  to  the  distribution  of  weight  on 
ties  secured  by  inserting  chairs  between  the  rails  and  the  ties. 

In  view  of  the  fact  that  our  railways  have  been  spending 
large  sums  of  money  to  increase  the  stability  of  the  roadbed, 
to  strengthen  bridges  and  culverts,  and  to  maintain  rails  in  po- 
sition upon  the  ties,  the  advantage  which  the  electric  locomo- 
tive possesses  in  its  higher  ratio  of  tractive  effort  to  weight  is 
important,  even  in  freight  traffic  at  low  speed.  The  necessity 
of  utilizing  track  capacity  to  the  utmost,  and  the  economies 
resulting  from  the  operation  of  long  trains,  have  resulted  in 
gradually  increasing  the  length  and  weight  of  freight  trains 
until  it  would  appear  that  the  limit  has  been  reached,  unless 
further  improvement  in  draft-gear,  track,  and  roadbed,  and  fur- 
ther increase  in  weight  of  locomotives,  be  found  possible.  It 
is  evident,  however,  that  if  electric  locomotives  operated  by 
the  multiple-unit  system  could  be  used  and  located  at  suitable 
distances  throughout  the  train,  the  possible  length  of  a  freight 
train  would  not  be  limited  by  its  practicable  motive  power 
equipment. 

Operation  of  electric  locomotives  thus  located  presupposes 
upon  all  roads  the  addition  of  control-wiring  and  couplers  to 


54  STILLWELL  AND  PUTNAM  [Jan.  26 

freight  cars.  The  report  of  the  Interstate  Commerce  Commission 
for  1904  shows  that  of  a  grand  total  of  1,845,304  locomotives 
and  cars  operated  by  our  railways,  1,823,030  are  equipped 
with  automatic  couplers  and  1,554,772  are  fitted  with  train 
brakes.  At  the  present  time,  the  cost  of  train-line  and  couplers 
would  approximate  $75  a  car,  but  a  reasonable  cost  for  the 
apparatus  required,  if  furnished  in  large  quantities,  would  not 
exceed  $50  per  car. 

As  regards  the  making  up  of  trains,  it  is  now  necessary  to 
couple  the  air-line  between  cars,  and  the  additional  labor  of 
connecting  the  control-couplers  would  not  be  serious. 

While  the  cost  of  equipping  freight  cars,  and  of  additional 
labor  involved  in  connecting  trains,  is  very  small  as  compared 
with  the  immense  advantages  which  in  many  cases  would  result 
from  the  ability  to  distribute  locomotives  at  suitable  intervals 
in  a  freight  train,  and  control  them  simultaneously  and  per- 
fectly by  the  hand  of  the  engineman  at  the  head  of  the  train, 
the  probability  of  adoption  of  multiple-unit  operation  for 
freight  trains  appears  remote,  since  there  is  apparently  no  suffi- 
cient reason  why  a  railroad  company  not  adopting  electricity 
should  equip  its  cars  for  electric  operation  over  the  lines  of 
another  company  which  may  adopt  the  newer  motive  power. 
Whether  it  be  possible  for  a  company  desiring  to  avail  itself 
fully  of  the  advantages  of  electric  traction  for  freight,  as  well 
as  for  passenger  traffic,  to  bring  to  bear  upon  other  lines  inter- 
changing freight  with  it,  pressure  sufficient  to  induce  those 
lines  to  spend  $50  per  freight  car  for  electric  equipment  is  a 
question  outside  the  scope  of  our  present  consideration. 

Reverting  to  Table  I,  item  5,  **  Repairs  and  renewals  of 
fences,  road-crossings,  signs  and  cattle-guards,"  will  not  be 
changed  by  the.  adoption  of  electricity. 

Item  6,  **  Repairs  and  renewals  of  buildings  and  fixtures," 
includes  repairs  and  renewals  of  engine  houses  and  shops,  also 
water  tanks  and  coal-handling  apparatus.  Under  electric 
operation,  it  is  evident  that  this  item  would  be  materially  re- 
duced. This  subject  will  be  further  discussed  when  we  come 
to  consider  item  12,  **  Repairs  and  renewals  of  locomotives." 
It  is  conservative  to  say  that  for  the  operation  of  a 
!  given    train-mileage,    under    the    average    conditions    of    rail- 

way service  in  this  country,  the  number  of  electric  locomotives 
required  should  not  exceed  one  half  the  number  of  steam  loco- 
motives now  used.     The  reduction  in  the  number  of  locomotives 
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implies,  of  course,  a  reduction  in  the  cost  of  repairs  and  re- 
newals of  engine  house  and  shops,  and  taking  this  into  accotint, 
in  connection  with  the  elimination  of  water  tanks  and  coal- 
handUng  apparatus,  distributed  along  the  line,  it  is  our  opinion 
that  this  item  will  be  reduced  from  2.366%  to  about  1.3%  of 
the  total  annual  operating  expenses. 

Item  7,  **  Repairs  and  renewals  of  docks  and  wharves  "  ob- 
viously will  not  be  affected. 

Item  8,  **  Repairs  and  renewals  of  telegraph."  It  is  probable 
that  this  item  will  be  somewhat  increased  in  general  where  elec- 
tric operation  is  adopted.  The  effect  upon  the  operating  ex- 
penses, however,  is  so  slight  as  to  be  practically  negligible  in 
our  consideration  of  the  general  problems  of  comparative  ex- 
penses  of  steam  and  electric  service. 

Item  9,  **  Stationery  and  printing  "  will  not  be  changed. 

Item  10,  "  Other  expenses  **  we  may  assume  will  not  be 
affected. 

Under  the  general  heading  '*  Maintenance  of  Way  and  Struc- 
tures," the  classified  statement  of  operating  expenses  of  a  rail- 
road electrically  equipped  includes  the  following  items  in  addi- 
tion to  the  foregoing: 

a.  *'  Repairs  and  renewals  of  track  bonding." 

This  has  been  referred  to  in  our  discussion  of  items  2,  3,  and  4, 
and  it  is  included  in  our  tabulated  statement  as  a  separate  item 
amounting  to  0.8%  of  operating  expenses. 

b.  "  Repairs  and  renewals  of  overhead  or  third-rail  construc- 
tion." 

Prom  detailed  calculations  of  the  cost  of  high  class  overhead 
construction,  where  two  tracks  are  to  be  equipped  the  cost  of 
overhead  construction  is  approximately  $10,300  per  mile. 
This  includes  trolley  conductors  equivalent  to  No.  4/0  wire 
B.  &  S.  gauge,  insulated  for  11.000  volts  alternating,  and  sup- 
ported by  steel  cables,  carried  by  substantial  steel  bridges  set 
in  concrete,  and  spanning  the  tracks.  For  single-track  work 
using  steel  poles  and  brackets  and  catenery  support,  the  cost 
cloaely  approximates  $4800  a  mile. 

Of  the  total  line  mileage  of  the  United  States  in  1905.  amoimt- 
ing  to  216,974  miles,  approximately  0.4  are  in  double  track* 
including  yards  and  sidings  for  single-track  lines,  and  0.6  are 
single-track. 

The  grand  average  cost  of  overhead  steel  construction  of  the 
type   considered,   therefore,   closely   approximates   $5000   per 


56  STILLWELL  AND  PUTNAM  [Jan.  25 

mile  of  track.  In  this  case,  our  estimate  of  the  annual  cost 
of  "Repairs  and  renewals  of  overhead  construction"  cannot 
rest  directly  upon  actual  experience,  since  practically  no  over- 
head construction  of  this  character  is  in  use  under  the  condi- 
tions of  railway  service.  We  may,  however,  base  conclusions 
which  should  be  reasonably  correct  upon  consideration  of  first* 
class  overhead  trolley  construction  such  as  is  used  by  our  best 
interurban  lines.  Some  light  is  also  thrown  upon  the  sub- 
ject by  extensive  experience  in  the  operation  of  high  potential 
transmission  circuits,  and  the  experience  of  the  Valtellina  line 
is  particularly  instructive. 

Light  steel  bridges,  set  in  concrete,  subject  to  the  compara- 
tively slight  strains  involved  in  supporting  the  light  conductors 
required,  should  last  almost  indefinitely  if  kept  properly  painted* 
The  absence  of  smoke  and  gasses  from  locomotives  favors  their 
loh^  life.  The  cost  of  these  steel  bridges  and  poles  is  a  large 
part  of  the  overhead  construction. 

The  wear  of  the  trolley  wire  will  depend  upon  density  of  traf- 
fic, but  its  original  cost  is  only  $700  a  mile,  and  judging  from 
the  experience  of  ordinary  trolley  lines  and  the  results  obtained 
on  the  Valtellina  its  life  should  be  long. 

The  steel  catenary  cables-  supporting  the  conductor  being 
well  gaflvanized  should  last  many  years  without  renewals. 

Breakage  of  insulators,  such  as  are  now  available,  will  not 
constitute  a  large  item  of  expense. 

As  regards  life  of  steel  structures,  it  is  instructive  to  note 
the  fact  that  much  of  the  structure  of  the  Manhattan  Elevated 
lines  still  in  use  is  more  than  30  years  of  age,  and  is  apparently 
unimpaired  notwithstanding  the  heavy  and  frequent  traffic 
which  it  has  carried  and  still  carries. 

It  is  probable  that  engineering  opinion  in  regard  to  the 
amount  which  should  be  allowed  for  **  Repairs  and  renewals  of 
overhead  construction  **  under  consideration  will  not  be  unan- 
iinous,  but  taking  into  account  all  of  the  factors  which  appear 
to  aflfect  the  problem,  it  is  our  judgment  that  the  amount  re- 
quired should  not  ex^ceed  $150  per  mile  of  track  per  annum. 
This  is  equivalent  to  $210  per  mile  of  line  per  annum,  the  aver- 
age ratio  of  track-mileage  to  line-mileage  being  1.4  to  1. 

The  increase  in  operating  expenses  due  to  this  item  is  about 
3.25%  the  average  operating  expenses  per  line-mile  in  the 
United  States  for  the  year  1905  being  $6451.00. 

It  is  of  course,  possible  to  erect  a  much  cheaper  form  of  con- 
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struction  if  wood  poles  be  used.  Though  the  first  cost  of  such 
construction  is  low,  it  involves  repairs  and  renewals  constitu- 
ting a  much  larger  percentage  of  its  cost  than  in  the  case  of 
the  steel  bridge  and  pole  construction  set  in  concrete.  The 
annual  effect  upon  operating  expenses  with  this  type  of 
construction  as  an  average  figiu"e  may  be  expected  to  approxi- 
mate 2.5%. 

"  Maintenance  of  Equipment.  " 

Item  11.  *'Cost  of  superintendence  "  will  not  be  changed.   . 

Item  12.  **  Repairs  and  renewals  of  locomotives  "  amounts 
to  7.509%  of  the  average  operating  expenses  of  our  steam  rail- 
roads. This  item,  as  we  find  in  the  classification  of  operating 
expenses  prescribed  by  the  interstate  Commerce  Commission, 
**  does  not  include  the  expense  of  cleaning  boiler  tubes  and 
packing  cylinders,  nor  ordinary  regular  inspection,  this  being 
charged  to  the  item  '*  Engine  and  Roundhouse  Men."  It  does 
include  "  all  expenditures  for  account  of  repairs  and  renewals 
and  rebuilding  of  locomotives,  tenders,  snow-plows  (when  at- 
tached to  locomotives),  furniture  and  loose  and  movable  tools 
and  supplies  used  in  connection  therewith.  It  also  includes 
the  cost  of  locomotives,  tenders  and  appurtenances  thereunto 
belonging,  built  or  purchased  to  make  good  the  original  number 
charged  to  construction  or  equipment." 

As  regards  '*  Repairs  and  renewals  of  electric  locomotives," 
actual  experience  to  date  is  not  sufficient  to  justify  us  in  fixing 
a  figure  for  this  item  which  can  be  regarded  as  established. 
There  is,  however,  evidence  sufficient  to  justify  an  estimate 
which  in  the  average  case  should  be  approximately  correct. 

Before  considering  data  based  upon  experience,  it  is  per- 
tinent to  remark  that  a  moment's  consideration  of  the  con- 
stituent details  of  mechanism,  their  relative  complexity,  and 
their  respective  functions,  leads  directly  to  the  conclusion  that 
the  repairs  and  renewals  of  an  electric  locomotive  should  be  very 
small  as  compared  with  the  same  item  of  expense  in  the  opera- 
tion of  a  steam  locomotive.  If  we  imagine  for  a  moment  that 
electric  locomotives  had  been  in  use  for  many  years  while  steam 
locomotives  had  but  recently  come  forward  as  competitors. 
and  that  the  engineering  world  of  to-day  being  familiar  for 
years  with  the  essential  simplicity  of  the  electric  motor  as 
applied  to  traction  purposes,  were  now  called  upon  to  judge 
the  comparative  merits  of  the  essentially  complicated  aggrega- 
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tion  bf  mechanism  which  we  call  a  steam  locomotive,  the  verdict, 
as  regards  the  relative  cost  of  repairs  and  renewals  to  be  ex- 
pected, is  obvious  but  the  argument  a  priori  cannot  be  conceded, 
and  we  proceed  to  consider  such  evidence  based  upon  com- 
parative results  in  actual  service  as  we  have  been  able  to  sectire. 

1.  Interborough  Rapid  Transit  Co.,  Manhattan  Division. 

In  the  operation  of  the  Manhattan  Railway  under  steam 
and  electric  traction,  respectively,  data  for  interesting  com- 
parisons are  afforded;  although  owing  to  the  fact  that  in  this 
case  multiple-unit  electric  equipment,  applied  to  two-thirds  of 
the  cars  constituting  the  trains,  has  been  substituted  for  the 
steam  locomotive,  the  comparison  is  less  favorable  to  electric 
operation  so  far  as  this  item  of  expense  is  concerned  than  it 
would  be  were  electric  locomotives  used.  The  reason  is  found  in 
the  relatively  great  complication  of  multiple-unit  equipment 
as  compared  with  locomotive  equipment;  as  a  result  of  this 
the  number  of  parts  in  this  case  is  multiplied  in  the  approximate 
proportion  of  three  to  one,  and  the  cost  of  repairs  and  renewals 
is  therefore  radically  increased  beyond  what  it  would  be  were 
electric  locomotives  employed. 

For  the  year  ending  June  30,  1901,  the  car-mileage  operated 
by  the  Manhattan  Railway  was  43,860,158.  The  cost  of  re- 
pairs of  locomotives    was  $173,609,  or  0.39  cents  per  car-mile. 

For  the  year  ending  June  30,  1906,  the  car-mileage  operated 
by  the  Manhattan  Railway  was  61,723,112.  The  cost  of  re-^ 
pairs  of  the  electric  equipment,  including  lamps,  lamp  wiring, 
and  heaters,  was  $171,927,  or  0.28  cents  per  car-mile. 

Had  electric  locomotives  been  used  instead  of  the  multiple- 
unit  system,  the  number  of  parts  constituting  the  electric 
equipment,  as  stated,  would  have  been  about  one-third  that 
now  in  use.  These  parts  would  have  been  larger  and  more 
expensive  than  the  corresponding  individual  parts  constituting 
the  multiple-unit  equipment,  but  the  cost  of  repairs 
of  the  aggregate  electrical  equipment  (which  is  largely  labor 
of  inspection)  probably  would  not  exceed  60%  of  the  present 
cost.  The  results  are  further  influenced  unfavorably  to  electric 
traction  as  regards  this  comparison  by  the  fact  that  the  speed, 
and  consequently  the  power  consumption  per  car,  have  been 
radically  increased,  and  by  the  fact  that  the  repairs  and  re- 
newals of  lamps,  heaters,  and  wiring  are  included. 

A  careful  consideration  of  the  detailed  factors  involved  has 
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led  us  to  the  conclusion  that  had  electric  locomotives  been 
substituted  for  steam  locomotives,  and  had  the  weight  and 
speed  of  trains  not  been  increased,  the  cost  of  repairs 
of  electric  equipment  would  have  approximated  0.2  cents  per 
locomotive  mile.  We  estimate  also  that  the  cost  of  repairs 
to  these  small  locomotives  exclusive  of  their  electric  equipment 
operating  under  the  existing  conditions  would  not  have  exceeded 
0.2  cents  per  locomotive-mile,  and  that  the  totial  cost  would  have 
approximated  one-fourth  of  the  cost  of  the  corresponding  item 
under  steam  traction.  This  figure  of  course  is  available  only 
as  a  ratio  in  our  consideration  of  the  general  railway  problem, 

The  very  low  cost  which  was  actually  obtained  in  the  case 
of  steam  locomotives  on  the  Manhattan;  viz.,  1.57  cents  per 
locomotive  mile,  is  explained  by  the  extremely  simple  construc- 
tion of  the  engines,  the  fact  that  they  were  not  overloaded, 
were  operated  on  an  elevated  structure,  and  were  admirably 
maintained.  It  is  also  to  be  noted  that  the  [amoimt  expended 
for  repairs  was  minimized  in  view  of  the  contemplated  adoption 
of  electricity.* 

In  appljring  to  the  general  railroad  problem  evidence 
afforded  by  Manhattan  experience,  it  must  be  noted  that  the 
elevation  of  the  tracks  places  the  motors  beyond  the  reach  of 
the  dust  or  cinders  which  the  rush  of  a  train  at  certain  seasons 
raises  from  the  average  railway  track.  On  the  other  hand, 
the  fact  that  the  average  run  between  stations,  on  the  elevated 
system  is  only  about  2000  ft.  exposes  both  motor  and  control 
to  the  action  of  brake-shoe  dust  which  is  liberated  in  quantities 
many  times  as  great  as  would  be  the  case  in  average  railway 
service,  and  this  brake-shoe  dust  is  far  more  injurious  to  both 
motors  and  control  than  is  dust  from  disintegrated  ballast  or 
cinders. 

In  designing  electric  equipment  for  general  railway  service, 
it  is  advisable  and  not  difficult  to  protect  the  motors  effectively 
against  the  admission  of  dust  of  all  kinds,  particularly  in  cases 
where  locomotives  rather  than  multiple-unit  equipment  is 
adopted.  This  would  be  accomplished  naturally  by  thoroughly 
enclosing  the  motor,  and  ventilating  it  by  forced  draft  so  di- 
rected as  to  prevent  admission  of  dust. 

*In  this  connection  it  is  interesting  to  note  that  the  cost  of  mainten- 
ance of  locomotive  and  average  train  under  steam  operation  for  the  year 
ending  June  30,  1901,  was  4.2c.  per  train-mile  while  the  cost  in  the  case 
of  an  equivalent  electric  train,  as  shown  by  records  for  corresponding 
months  for  the  year  ending  June  30,  1906,  was  2.1c.  per  train-mile. 
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2.  Interborough  Rapid  Transit  Company,  Subway  Division 
For  the  year  ending  June  30,  1906,  the  car-mileage  operated 
by  the  New  York  Subway  was  31,931,073.  The  cost  of  repairs 
and  renewals  of  electric  equipment  of  rolling  stock  was  0.38 
cents  per  car-mile.  Estimating  the  probable  cost  of  repairs 
and  renewals  of  electric  equipment,  were  electric  locomotives 
in  use  instead  of  the  multiple-unit  car  equipment,  the  ap- 
proximate cost  in  this  case  works  out  at  0.7  cents  per  train-mile. 
A  loconaotive  doing  the  same  work  as  the  electric  equipment 
of  the  average  train  in  the  subway  (about  five  cars)  must  be 
capable  of  exerting  a  draw-bar  pull  of  30,000  lb.,  which  with 
20%  adhesion  calls  for  75  net  tons  on  drivers.  This  is  about 
double  the  weight  on  drivers  of  the  average  steam  passenger 
locomotive,  and  the  figure  0.7  cents  per  train-mile,  obtained 
in  actual  service  under  conditions  very  severe  in  respect  to 
maintenance  of  electric  equipment,  by  reason  of  the  presence 
of  great  quantities  of  brake-shoe  dust,  is  to  be  compared  with 
the  cost  of  maintenance  of  steam  locomotives  exclusive  of 
running-gear,  frame,  cab,  and  those  other  parts  common  to 
both  electric  and  steam  equipment. 

3.  Wilkes-Barre  &  Hazleton  R.R. 

Operation  for  the  year  1905: 

Equipment  comprises  motor  cars  weighing  43  tons  without 
passengers,  and  equipped  with  four  125-h.p.  motors  and  mul- 
tiple-unit control. 

Effective  draw-bar  pull  (20%  adhesion)  =  17,000  lb. 

Speed  of  operation  in  local  service  =  30  miles  per  hour. 

Total  length  of  run  =  27  miles. 

Average  number  of  stops  =  6. 

Car-mileage  operated  in  1905  =  262,947. 

Cost  of  repairs  and  renewals  of  electric  motors  =  $1,021.70  = 
0.39  cents  per  car-mile. 

This  road  operates  in  a  mountainous  country,  ranging  in 
elevation  from  about  500  ft.  to  1700  ft.  above  sea-level.  About 
one-third  of  the  length  of  the  road  is  on  a  grade  of  3%. 

.   4.  Lackawanna  &  Wyoming  Valley  Railroad. 
Operation  for  a  period  of  four  months  ending  October  31,  1906: 
Equipment:  a,  16  passenger  cars,  77,500  lb.  each;  6,  14  pas- 
senger cars,   64,500  lb.   each;  c,   4  freight  and  express  motor 
cars,  61,300  lb.  each;  d,  1  electric  locomotive,  94,600  lb. 
Car-mileage  operated  =  527,554. 
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Repairs  and  renewals  of  electric  equipment  =  $4,450.43  *^ 
0.84  cents  per  car-mile. 

5.  Niagara,  Buffalo  &  Locrport  Railroad. 

Operation  for  a  period  of  six  months  ending  Nov.  30,  1906: 

Equipment:  passenger  cars  weighing  about  60,000  lb.,  driven 
by  four  direct-current  motors. 

Average  speed  outside  of  Buffalo  city  limits,  20  miles  an 
hour.     Approximate  number  of  stops  one  way  trip:  30  on  Buf- 
falo &^  Niagara  Falls  division,  and  6  on  Buffalo  &  Lockport 
division. 
•      Length  of  run  outside  of  Buffalo,  approximately  20  miles. 

Car-mileage  operated,  1,309,682. 

Repairs  and  renewals  of  electric  equipment,  0.79  cents  per 
car-mile. 

6.     Rete  Adriatica-Valtellina  Line. 

Perhaps  the  best  instance  of  electric  operation  directly  com- 
parable with  cost  of  steam  operation  is  afforded  by  the  records 
of*  the  actual  results  realized  on  the  Valtellina  line  where  both 
freight  and  passenger  traffic  are  operated  over  a  line  66  miles 
in  length,  traversing  a  very  rugged  country  and  in  the  winter 
exposed  to  severe  climatic  conditions.  The  equipment  for  the 
year  ending  July  1, 1904,  comprised  10  motor  cars  and  five  70- ton 
locomotives.  The  service  performed  amounted  to  61,934,569 
ton-kilometers.  The  average  annual  mileage  of  motor  cars  and 
locomotives  amounted  to  54,351  kilometers,  while  the  steam 
locomotives  superseded  by  electric  equipment  never  exceeded 
an  average  of  29,000  kilometers. 

The  total  cost  of  electrical  and  mechanical  repairs  to  loco- 
motives and  motor  cars,  for  the  year  ending  July  1904,  works 
out  at  1.4  cents  per  locomotive  or  motor  car-mile.  During  the 
last  six  months  of  1906,  the  repairs  to  locomotives  cost  1.8  cent 
per  locomotive-mile.  The  rolling  stock  used  oh  this  line  is 
excellent  in  design  and  construction  and  is  particularly '  well 
adapted  to  operate  in  railway  service  at  low  cost  of  mainten- 
ance, by  reason  of  the  fact  that  three-phase  motors  and  water 
rheostats  are  employed  instead  of  commutating  motors  and 
switch-control.  The  equipment  has  not  been  operating  long 
enough  to  have  reached  the  point  where  renewals,  as  dis- 
tingitished  from  repairs,  have  become  necessary. 


62 


SrtLLWBLL  AND  PVTMAM 


[Jan^25 


Summarizing  the  foregoing  we  have  the  following: 


Tractive  effort 
'     20%   adhesion 

Repairs  of  elec- 
tric equipment 
of     cquivalunt 

motive.      Esti- 
mated 

Manhattan  Railway 

Subway  tram 

22.000  lb 
33.000  " 
17.000  " 

14.000  " 

12.000  •• 

0.5^ 
0.7^ 

Wilkes-Barre  &  Hazlcton  R.K. 
Lackawanna  &  Wyoming  Val- 

0.38^  (actual) 

0.84^ 

0.79/ 

Niagaxa,  Buffalo  &  Lockport 
R.R 

Rete  Adriatica-Valtellina  line 
Locomotives,  complete  cost 
of  maintenance  .    . .        .... 

1.8/    (actual) 

It  may  be  conceded  freely  in  respect  to  the  foregoing  data 
that  they  are  neither  sufficiently  comprehensive  in  scope  nor 
extended  in  respect  to  duration  of  service  to  justify  definite 
and  final  conclusions.  It  must  be  noted  also  on  the  one  hand 
that  the  cost  of  maintenance  may  be  expected  to  decrease  by 
reason  of  further  improvement  in  the  construction  of  apparatus 
of  comparatively  new  types,  and  on  the  other  hand  that  the 
costs  given  are  for  inspection  and  repairs  rather  than  renewals, 
since  the  time  has  not  arrived  when  any  of  this  equipment 
has  been  thrown  aside  and  replaced  by  new  equipment  charged 
to  this  item  of  operating  expenses  as  is  usual  with  steam  railways. 

The  reports  of  the  Interstate  Commerce  Commission  do  not 
show  what  proportion  of  the  item,  **  Repairs  and  renewals  of 
locomotives  "  is  chargeable  to  renewals,  but  from  inspection 
of  detailed  reports  of  our  most  important  railway  systems  it 
seems  fair  to  assume  that  in  the  case  of  the  average  railway 
from  4%  to  5%  of  the  total  cost  of  repairs  and  renewals  of 
locomotives  represents  the  cost  of  renewals. 

Taking  into  account  all  of  the  various  considerations  which 
must  affect  the  conclusions  in  the  general  case,  so  far  as  we 
have  been  able  to  gather  them,  we  are  of  the  opinion  that  for 
equal  draw-bar  pull,  the  repairs  and  renewals  of  electric  equip- 
ment of  locomotives,  assuming  good  design  and  construction 
according  to  present  standards  of  the  art,  should  not  exceed 
1  cent  per  locomotive-mile,  and  will  probably  approximate 
0.9  cent  per  locomotive-mile. 

Taking  the  higher  figure,  it  is  evident  that  the  substitution 
of  electric  equipment  for  all  parts  of  a  steam  locomotive  other 
than  frame,  wheels,  axles,  cab.  and  other  parts  which  are  com- 


1907]         ELECTRIC  MOTOR  vs.  STEAM  LOCOMOTIVE  63 

mon  both  to  electric  and  steam  locomotive  construction,  a 
very  great  saving  is  effected.  We  have  been  unable  to  fix  with 
satisfactory  exactness  a  figure  representing  the  average  cost  of 
repairs  and  renewals  of  these  parts,  but  it  would  seem  liberal 
to  allow  1.5  cents  per  locomotive-mile,  this  being  equivalent 
to  an  allowance  of  something  over  $400  per  annum  per  locomo- 
tive. Taking  this  figure  and  adding  the  estimated  costs  of  re- 
pairs and  renewals  of  electric  equipment,  we  have  2.5  cents  per 
locomotive-mile  as  the  estimated  total  cost  of  repairs  and 
renewals  of  electric  locomotives,  performing  the  average  work 
now  done  by  steam  locomotives. 

In  1 904  the  aggregate  revenue  train-mileage  operated  was  about 
1 ,050,000,000.  To  cover  locomotive  mileage  in  switching,  oper- 
ating work-trains,  and  pushers  we  assume  1,300,000  locomotive- 
miles.  In  1904  the  aggregate  repairs  and  renewals  of  locomo- 
tives was  $105,633,752,  the  average  cost  per  locomotive-mile, 
therefore,  being  8.1  cents.  A  reduction  to  2.5  cents,  therefore, 
is  equivalent  to  a  saving  of  70%  in  the  cost  of  this  item,  or 
5.256%  of  operating  expenses,  reducing  this  item  to  2.253% 
of  total  operating  expenses  under  electric  operation. 

In  the  foregoing  consideration  of  the  item  repairs  and  re- 
newals of  locomotives,  we  have  assumed  equal  locomotive 
mileage  per  day  in  steam  and  electric  service.  The  item  of 
expense  under  consideration  will  be  proportional  approximately 
to  the  mileage,  and  therefore  we  have  made  the  comparison 
upon  this  basis. 

The  relative  number  of  locomotives  required  for  a  given 
service  is,  however,  a  question  of  much  importance  and  may 
here  be  appropriately  referred  to. 

According  to  the  report  of  the  Interstate  Commerce  Commis- 
sion for  1904,  the  aggregate  train-mileage  operated  in  the  United 
States  as  above  stated  was  1,050,000,000.  The  locomotives  in 
service  numbered  46,743.  The  effective  train-mileage,  not  in- 
cluding work-trains,  pushers,  or  shifting  mileage,  was  58  miles 
per  locomotive  per  day.  We  have  befen  unable  to  ascertain  from 
the  report  of  the  Conmiission  what  percentage  should  be  added 
to  this  figure  to  cover  accurately  the  locomotive  mileage  of 
work-trains  and  shifting  and  to  take  account  of  double  headers 
and  pushers,  but  inspection  of  the  report  of  a  number  of  our 
leading  railways  indicates  that  the  effective  train  mileage 
averages  from  70%  to  75%  of  the  locomotive  mileage.  It 
follows,  therefore,  that  the  daily  run  of  the  average  locomotive 
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in  the  United  States  is  approximately  80  miles.  Naturally 
there  is  a  wide  variation  in  the  performance  of  locomotives  on 
various  lines;  e.g.,  passenger  mileage  as  shown  by  reports  of 
some  of  our  leading  railways  varies  from  90  miles  to'  nearly  200 
miles  a  day  and  individual  cases  are  reported  of  locomotives 
making  as  much  as  300  miles  a  day. 

The  average  freight  locomotive  is  actually  on  the  road  not 
more  than  6  hours  in  each  24-hour  period,  and  the  same  figure 
is  approximately  correct  for  the  average  passenger  locomotive. 
In  the  case  of  electric  locomotives  there  is  no  reason,  so  far  as 
the  mechanism  is  concerned,  why  it  cannot  be  kept  in  prac- 
tically continuous  service.  Ordinary  inspection  and  maintenance 
require  very  little  time,  and  if  the  equipment  be  well  designed  and 
constructed  repairs  of  magnitude  will  be  necessary  only  at 
intervals  very  infrequent  as  compared  with  steam  practice. 

The  fact  that  the  average  daily  run  of  the  average  locomotive 
is  approximately  80  miles,  is  due  in  large  measure  to  causes 
which  would  still  exist  were  electric  locomotives  substituted. 
The  time  spent  by  freight  locomotives  in  yards  and  terminals 
making  up  trains  or  awaiting  opportunity  to  take  their  place 
in  the  processions  of  trains  which  in  these  days  are  demonstrat- 
ing the  insufficiency  of  track  equipment  for  the  business  of  the 
country,  is  a  large  factor.  Perhaps  this  would  not  be  greatly 
modified  were  electric  locomotives  employed.  But  other  consid- 
erations which  operate  to  reduce  average  mileage  are  the  facts 
that  the  steam  locomotive  spends  a  large  part  of  its  life  in  the 
repair  shop,  and  a  still  larger  part  in  firing  up  and  preparing 
for  its  work  and  in  withdrawing  fires,  having  boiler  tubes 
cleaned,  etc.,  after  its  daily  run.  Nothing  short  of  years  of 
actual  experience  can  establish  definitely  the  ratio  of  electric  to 
steam  locomotives  required  in  average  service,  but  it  seems 
reasonable  to  assume  that  this  ratio  will  not  exceed  2  to  3 
and  will  probably  approximate  1  to  2.  It  will  be  noted  that 
the  foregoing  estimate  of  cost  of  repairs  and  renewals  is  inde- 
pendent of  any  assumption  as  to  the  relative  number  of  loco- 
motives required  since  it  is  reckoned  on  locomotive  mileage. 

Item  13.  "  Repairs  and  renewals  of  passenger  cars.**  In 
cases  where  electric  locomotives  are  substituted  for  steam  loco- 
motives, there  should  be  some  reduction  in  this  item.  Paint- 
ing should  be  considerably  reduced  by  reason  of  the  elimination 
of  smoke.  The  life  of  the  upholstery  and  interior  decoration 
of  the  car  will  be  increased. 
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Item  14.  **  Repairs  and  renewals  of  freight  cars."  This 
item  will  be  favorably  and  very  materially  affected  if  it  should 
ever  prove  practicable  to  operate  heavy  freight  trains  by  loco- 
motives located  at  intervals  throughout  the  trafns  and  con- 
trolled by  the  multiple-unit  system.  As  has  been  pointed  out, 
however,  this  will  become  practicable  only  when  a  large  propor- 
tion of  the  freight  cars  in  use  are  supplied  with  electric  train 
line  equipment.  The  bare  possibility  of  this  at  present  may 
seem  fanciful,  but  those  who  realize  the  extent  to  which  the 
wear  and  tear  of  freight  cars  results  from  the  terrific  strains 
to  which  the  draft-gear  is  subjected  under  present  operating 
conditions,  especially  on  mountain  grades,  and  who  under- 
stand also  the  increase  in  track  capacity  and  decrease  in  cost 
of  train  crews  which  would  result  from  the  adoption  of  a  system 
which  makes  it  possible,  if  necessary,  to  double  the  length 
and  weight  of  the  longest  and  heaviest  freight  trains  now 
in  use,  will  be  ready  to  give  this  possibility  serious  considera- 
tion. The  mere  substitution  t)f  electricity  for  steam  without 
altering  the  present  make-up  of  trains,  so  far  as  location  of 
the  locomotive  is  concerned,  makes  it  possible  to  operate 
two  or  more  locomotive  units  at  the  head  of  the  train,  and 
to  utilize  their  power  to  the  utmost  by  multiple-unit  control 
operated  by  a  single  operator  on  the  leading  engine. 

Assuming  that  the  methods  of  train  operation  remain  the 
same,  the  adoption  of  electricity  will  still  effect  a  reduction 
in  the  cost  of  Item  14,  and  for  two  reasons,  viz; 

1.  The  practical  elimination  of  damage  by  fire  which  now 
frequently  is  superimposed  upon  damage  caused  by  collision 
or   derailment. 

2.  Reduction  of  wear  and  tear  of  wheels  and  brake  equip- 
ment in  descending  long  grades,  by  reason  of  the  opportunity 
afforded  to  brake  the  trains  by  causing  the  motors  to  operate 
as  generators.  On  lines  where  grades  are  heavy  and  of  consid- 
erable length,  the  saving  thus  effected  will  be  large.  Generally 
speaking,  the  energy  developed  by  the  motors  working  as  gen- 
erators will  be  returned  to  the  overhead  circuit  and  utilized  in 
co6peration  with  energy  from  the  power  house  to  furnish  power 
to  trains  on  the  same  division  which  may  be  ascending  the 
grade. 

No  statistical  data  are  available  upon  which  to  base  an  esti- 
mate of  the  probable  reduction  in  this  item  to  be  expected  from 
this  cause.     On  comparatively  level  lines  it  will  not  be  import- 
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ant,  but  on  mountain-grade  divisions  it  should  operate  to  pre- 
vent a  very  large  pro^rortion  not  only  of  wear  and  tear  directly 
due  to  grade  but  also  of  the  destructive  freight  wrecks  which 
are  now  so  frequent.  In  the  way  of  an  estimate,  nothing  more 
definite  than  a  guess  based  upon  consideration  of  probabilities, 
and  the  views  of  various  operating  officials,  can  be  advanced; 
but  in  the  opinion  of  the  writers  the  general  substitution  of  elec- 
tricity for  steam  operation  in  freight  service  should  reduce 
this  item  from  7,657%  to  somethihg  like  6%  of  operating  ex- 
penses. 

Item  16.  **  Repairs  and  renewals  of  work  cars,"  will  not  be 
changed  materially. 

Item  16.  **  Repairs  and  renewals  of  marine  equipment,"  ob- 
viously will  not  be  changed. 

Item  17.  **  Repairs  and  renewals  of  shop  machinery  and 
tools,"  will  be  reduced  under  electric  operation  since  the 
repairs  to  locomotives  will  be  decreased  radically  as  shown,  and 
since  the  tool  equipment  required  for  the  electrical  machinery 
is  materially  less  expensive  and  varied. 

It  would  seem  reasonable  to  expect  that  this  item  would  be 
reduced  from  0.662%  to  about  0.6%  of  total  operating  expenses. 
Of  course  a  large  proportion  of  the  shop  mac)iinery  and  tools 
are  for  car  repairs. 

Item  18.  **  Stationery  and  printing,"  will  not  be  changed. 

Item  19.  "  Other  expenses."  The  classification  of  operating 
expenses  includes  under  this  item  **  all  expenditures  for  account 
of  electric  light,  torches  and  lamps  used  in  machinery  depart- 
ment, shops,  roundhouses  and  offices  and  the  oil  and  material 
for  the  same ;  the  proportion  of  labor  and  material  for  the  proper 
operation  and  repair  of  electric  lights  used  in  connection  with 
other  departments;  wages  of  engineers  and  firemen  and  the  cost 
of  fuel  and  water  in  operation  of  stationary  engines  or  boilers 
for  suppl5dng  power  and  heat  to  shops,  buildings  and  round- 
houses." 

Other  factors  comprised  are  comparatively  small  and  it  is 
evident  that  the  ability  to  use  electricity  for  light  and  power 
purposes  in  shops,  roundhouses  and  offices  produced  at  a  works 
cost  of  0.6  cents  and  delivered  to  the  point  of  consumption  at 
a  figiu-e  which  on  the  average  will  approximate  0.75  cents  will 
effect  a  material  reduction  in  this  item.  We  estimate  that  it 
will  be  reduced  to  about  0.4  cents. 
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Conducting  Transportation. 

Item  20.  *'  Superintendence,"  will  not  be  changed. 

Item  21.  **  Engine  and  roundhouse  men,"  includes  in  addi- 
tion to  the  engine  crew,  round-house  men  whose  work,  of  course, 
is  chiefly  in  connection  with  the  cleaning  and  maintenance  of 
the  engines.  This  item  averages  for  the  railroads  of  the  United 
States  9.451%  of  the  operating  expenses,  of  which  91%,  or 
about  8.6%  of  the  operating  expenses  are  for  engine  men  and  for 
firemen.  Of  this  8.6%  approximately  6.5%  is  for  engine  men 
and  3.1%  for  firemen. 

In  considering  the  substitution  of  the  electric  locomotive 
for  the  steam  locomotive  it  is  obvious  that  the  change  elimi- 
nates the  work  which  the  fireman  is  employed  to  perform.  The 
point  is  frequently  made,  however,  that  to  reduce  the  engine 
crew  to  one  man  means  an  increase  in  the  risk  incurred  in  train 
operation  and  this  point  obviously  is  of  such  importance  as  to 
require  careful  consideration. 

If  we  compare  conditions  which  now  exist  upon  such  systems 
as  the  Manhattan  Elevated  with  the  conditions  which  existed 
before  electricity  was  adopted,  it  seems  reasonably  clear  that 
with  a  competent  motorman  operating  a  controller  which  in- 
stantly cuts  off  power  and  applies  the  brakes  in  case  the  hand 
of  the  motorman  is  removed  from  the  handle  of  the  controller, 
the  safety  of  trains  and  passengers  is  assured  in  higher  degree 
than  it  was  tmder  the  old  conditions.  The  usual  argument 
against  the  elimination  of  the  fireman  is  of  course,  found  in  the 
allegation  that  in  case  of  the  sudden  death  or  serious  illness  of 
the  engineman  the  fireman  can  take  his  place  and  bring  the 
train  to  a  stop  or  operate  it  to  the  next  station.  The  control- 
ler which  automatically  cuts  off  power  and  applies  the  brakes 
cannot  operate  the  train  to  the  next  station,  but  it  can  stop  it 
much  more  promptly  than  the  fireman  possibly  can,  even  when 
he  is  so  located  upon  the  engine  as  to  be  in  sight  of  the  engine- 
man. 

But  a  very  large  proportion  of  our  steam  locomotives  are 
now  designed  in  such  a  way  that  the  engineman  is  not  .in  sight 
of  the  fireman,  and  the  mechanism  of  the  steam  locomotive 
which  he  controls  has  no  automatic  device  for  shutting  off  power 
and  applying  the  brakes  in  case  he  suddenly  dies  at  his  post. 
In  such  an  emergency  on  trunk-line  railways  there  would  be 
some  advantage  in  tne  presence  of  the  fireman,  owing  to  the 
fact  that  if  competent  he  could  operate  the  train  to  the  next 
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station.  This  point  might  be  met  by  having  the  train  conduc- 
tor or  brakeman  or  flagman  qualified  to  operate  the  electric 
train  to  its  destination  in  case  of  accident  to  the  motorman. 
The  degree  of  skill  required,  so  far  as  actual  manipulation  of 
the  mechanism  is  concerned,  would  be  far  less  than  in  the  case 
of  the  fireman  who  in  emergency  might  be  entrusted  with  the 
responsibility  of  operating  the  steam  train. 

It  would  seem,  therefore,  that  there  can  be  no  question  of 
the  reasonableness  and  safety  of  entrusting  the  operation  of 
an  electric  locomotive  to  one  man,  provided  the  control  system 
is  equipped  with  effective  appliances  arranged  to  cut  off  the 
power  and  apply  the  brakes  in  case  the  motorman*s  hand 
leaves  the  hand  of  the  controller. 

As  regards  the  wages  of  the  engineman,  the  Manhattan  Rail- 
way decided  to  pay  its  motormen  the  same  wages  which  it  had 
paid  its  enginemen.  This  decision  was  based  largely  upon 
consideration  of  the  fact  that  familiarity  with  the  road  and 
experience  in  operating  trains  under  the  extremely  close 
headway  prevailing  upon  this  system  were  of  such  importance 
that  any  risk  which  might  be  incurred  by  substituting  new  men 
must  be  avoided.  The  great  majority  of  electrically  equipped 
railways  operating  under  conditions  similar  to  the  Manhattan, 
however,  pay  their  motormen  wages  comparable  to  the  wages 
of  the  men  who  operate  street  cars  rather  than  to  the  wages  of 
locomotive    enginemen. 

The  work  required  of  the  motorman  operating  an  electric 
train  is  far  less  onerous  and  is  performed  under  conditions 
much  less  severe  than  is  the  case  with  the  locomotive  engine- 
driver,  nor  is  the  motorman  in  order  effectively  to  perform  his 
duties  required  to  serve  years  of  apprenticeship  during  which 
he  must  become  familiar  with  the  complicated  mechanism  un- 
der his  control  and  competent  to  make  upon  the  road  any  or- 
dinary emergency  repairs.  The  work  required  being  relatively 
easy,  the  apprenticeship  comparatively  short,  and  the  mechan- 
ical knowledge  necessary  greatly  reduced,  it  is  reasonable  and 
proper  J:hat  the  compensation  of  the  motorman,  under  average 
conditions,  should  be  less  than  that  of  the  engineman. 

Apart  from  the  attitude  to  be  expected  upon  the  part  of  em- 
ployees, and  aside  from  any  question  of  sentiment,  however, 
i  the  management  of  a  railway  contemplating  the  substitution 

\  of  electricity  for  steam  would  not  be  justified  in  lowering  the 

il  standard  so  far  as  character  and  judgment  are  concerned,  which 
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are  requisite  for  the  motorman  equally  with  the  engineman.  It 
must  be  remembered  also  that  familiarity  with  the  road  and 
with  signals,  etc.,  are  as  important  in  his  case  as  in  that  of  his 
predecessor. 

It  is  impossible  of  course  to  fix  with  definiteness  a  figure 
representing  the  wages  of  the  motorman  in  railway  service  as 
compared  with  that  of  the  engineman  whom  he  may  succeed, 
but  it  seems  reasonable  to  assume  that  under  average  conditions 
the  services  of  thoroughly  competent  motormen  can  be  ob- 
tained at  a  figure  which  will  represent  a  reduction  of  1%  in  oper- 
ating expenses,  making  this  item  4.5%  instead  of  5.5%. 

The  expense  for  round-housemen,  which  under  steam  opera- 
tion is  about  0.85%,  will  be  greatly  reduced  both  by  reason  of 
the  reduction  in  the  number  of  locomotives  required  for  a  given 
service  and  also  by  reason  of  the  demonstrated  less  cost  of 
maintenance  per  locomotive  unit.  It  is  entirely  liberal  to 
allow  for  this  item  one  fourth  of  its  cost  in  steam  operation, 
the  saving  here  effected  being  equal  to  0.64%  of  the  average 
operating  expenses  of  steam  railroads  in  the  United  States. 

The  estimated  cost  of  the  item  under  consideration,  there- 
fore, is  4.71%  of  total  operating  expenses. 

Item  22,  **  Fuel  for  locomotives.'*  One  of  the  marked  eco- 
nomies resulting  from  the  substitution  of  the  electric  motor 
for  the  steam  locomotive  in  railway  operation  is  in  the  reduction 
of  the  fuel  account.  The  cost  of  fuel  upon  the  average  steam 
railway  in  the  United  States  for  the  five  years  1901  to  1905 
inclusive  constituted  11.292%  of  total  operating  expenses.  The 
aggregate  cost  in  1905  was  $156,429,245. 

The  following  figures  show  comparative  fuel  consumption 
upon  the  Manhattan  Railway  during  the  year  ending  June  30, 
1901,  when  steam  locomotives  were  employed  and  during  the 
year  ending  June  30,  1904,  when  electricity  was  used.  During 
the  period  first  mentioned  one  pound  of  coal  produced  2.23 
ton-miles,  if  the  weight  of  the  locomotive  be  included,  and 
1.5  ton-miles,  if  the  weight  of  the  cars  only  be  considered. 

During  the  latter  period  (electric  traction)  one  pound  of 
coal  burned  at  the  power  house  produced  3.85  ton-miles,  ex- 
cluding weight  of  locomotives;  therefore,  the  ratio  of  ton-miieage 
per  pound  of  coal  in  favor  of  electric  operation  was  2.57  to  1. 
Including  weight  of  locomotive  it  was  1.72  to  1. 

The  average  speed  under  electric  operation  was  approxi- 
mately 2  miles  an  hour   greater  than    that  attained  by   steam, 
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and  if  correction  be  made  for  this  difference  the  ratio  of 
ton-mileage  per  pound  of  coal  excluding  weight  of  locomo- 
tives is  approximately  3  to  1,  and  including  locomotives  2  to  1 
in  favor  of  electric  traction.  It  should  be  noted  also  that 
in  this  case  the  coal  burned  at  the  power  house  was  of  lower 
grade,  and  therefore  less  expensive  than  that  used  by  the  loco- 
motives, and  it  is  reasonable  to  expect  that  in  general  electric 
traction  will  mean  utilization  of  cheaper  fuel. 

We  would  point  out  that  the  argument  from  Manhattan 
experience  cannot  be  met  by  the  statement  that  the  Manhattan 
is  not  an  average  railroad.  Were  the  steam  and  electric  appara- 
tus now  operating  the  Manhattan  lines  applied  to  the  operation 
of  a  division  of  a  trunk-line  railway,  the  one  part  of  the  sys- 
tem which  would  be  affected  in  respect  to  efficiency  is  the  high 
potential  transmission  lines,  and  the  effect  of  their  greater  length 
in  general  would  be  to  increase  the  relative  fuel  consump- 
tion of  the  electric  system  by  not  more  than  5%.  For  trains 
drawn  by  locomotives  the  fuel  account  (coal  only)  under  elec- 
tric operation  would  still  be  approximately  one-half  of  the  cost 
of  the  fuel  for  steam  operation,  and  for  passenger  service  using 
multiple-unit  equipment  it  would  be  less  than  40%  of  the  fuel 
used  in  equivalent  steam  service,  even  if  we  assume  that  the 
system  of  alternating  transmission  and  conversion  to  direct 
current  by  synchronous  converters  be  employed. 

The  advantage  in  favor  of  electric  operation  is  even 
more  marked  if  we  assume  that  alternating-current  equipment 
is  to  be  used,  as  in  general  would  be  the  case  in  the  electrifica- 
tion of  trunk  lines  or  long  divisions.  In  a  particular  case  which 
we  have  worked  out  with  great  care,  the  trolley  and  track  rail 
losses  average  3.9%,  the  load  factor  being  0.33.  This  is  the 
result  obtained  in  using  the  single- phase  syjtem  for  the  equip- 
ment of  a  division  approximately  40  miles  in  length,  the 
potential  being  11,000  volts.  The  grand  average  of  traffic 
in  the  United  States  does  not  exceed  seven  trains  per  day  pass- 
ing a  given  point  in  each  direction,  and  the  trolley  and  track 
rail  energy  losses  fur  this  traffic  would  be  less  than  2%. 

Assuming  that  such  a  trolley  voltage  is  used  in  connection 
with  a  feeder  potential  of  say  40,000  to  60,000  volts,  the  allowable 
loss  in  these  feeders  at  maximum  load  certainly  will  not  exceed 
10%  and  the  energy  efficiency  of  step-up  transformers,  trans- 
mission feeders,  and  step-down  transformers  will  be  92%. 
Combining  this  figure  with  the  energy  efficiency  of  trolley  and 
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track,  as  above  stated,  the  resultant  efficiency  from  bus-bars 
of  power  house  to  the  train  will  be  90%. 

The  works-cost  of  a  kilowatt-hour  at  the  bus-bars  of  the 
Manhattan  plant  is  less  than  0.6  cent  when  coal  costs  $3.00 
per  ton,  this  coal  having  a  calorific  value  of  14,000  B.t.u.  per  lb. 
This  cost  includes  fuel,  water,  labor,  maintenance,  miscellaneous 
supplies,  and  in  short  everything  except  capital  charges.  It  is 
not  abnormally  low.  the  cost  of  both  coal  and  labor  being 
relatively  high  as  compared  with  the  grand  average  cost  of  equiv- 
alent coal  and  labor  throughout  the  United  States.  Where  fuel 
is  less  expensive,  as  in  the  middle  West,  large  modem  plants, 
using  steam  turbines,  are  producing  the  average  kilowatt-hour 
at  a  price  not  exceeding  0.5  cent  exclusive  of  capital  charges, 
and  in  at  least  one  case  at  a  works-cost  approximating  0.4  cent. 

As  will  be  shown  hereinafter,  were  all  the  railroads  of  the 
United  States  to  be  operated  by  electricity,  the  average  plant 
required,  assuming  power  to  be  transmitted  150  miles,  would 
approximate  4,000  kw.  if  the  plants  supplied  but  a  single  line 
300  miles  in  length.  The  great  bulk  of  the  total  power  supplied 
however,  would  be  derived  from  large  plants  in  which  the  cost 
of  producing  the  unit  of  energy,  considering  average  costs  of 
fuel  and  labor,  should  be  less  than  0.6  cent.  While  the  small 
plants  would  exceed  this  figure  we  believe  that  as  a  grand  aver- 
age 0.6  cent  is  ample  to  cover  the  case.  In  this  connection, 
it  may  be  remarked  that  water  powers  and  other  sources  of 
cheap  power  supply  would  tend  to  keep  down  the  average  cost 
of  power  under  the  assumed  condition  of  electrification  of  the 
entire  railroad  system  of  the  country. 

In  the  case  of  the  single-phase,  25-cycle  motor,  assuming  the 
average  length  of  run  for  freight  trains  to  be  15  miles  and  for 
passenger  trains  20  miles,  we  have  calculated  that  of  the  energy 
delivered  to  the  locomotive  approximately  86%  will  be  eflective 
for  traction  in  the  case  of  the  passenger  locomotive,  which  is  gear- 
less,  and  about  84%  in  the  case  of  the  freight  locomotive, 
which  uses  single-reduction  gear.  Combining  the  two,  it  is 
safe  to  say  that  of  the  energy  supplied  at  the  bus-bars  in  the 
power  house  not  less  than  75%  will  be  effective  for  traction  in 
the  average  locomotive  equipped  with  this  apparatus.* 

The  cost  of  a  kilowatt-hour  effective  for  traction  therefore 

♦For  the  motor  curves  upon  which  these  figures  are  based,  we  are  in- 
debted to  the  courtesy  of  the  Westinghouse  Electric  &  Mfg.    Co. 
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is  0.8  cent  and  the  cost  of  a  horse-power  hour  effective  for 
traction  about  0.6  cent  of  which  0.35  cent  is  for  fuel  when  coal 
of  14,000  B.t.u.  per  lb.,  costs  $3.00  per  ton  of  2240  lb.,  and 
0.25  cent  is  for  other  power-house  supplies,  power-house  labor, 
and  maintenance  of  power-house  equipment. 

As  we  have  stated,  the  railroads  of  the  United  States  in 
1905  used  coal  costing  $156,429,245.  For  the  purpose  of  es- 
timating the  cost  of  equivalent  electric  power  the  following 
data  are  necessary,  of  which  those  marked  by  an  *  are  fur- 
nished by  the  report  of  the  Interstate  Commerce  Commission 
while  the  others  involve  certain  assumptions: 

Passenger  Service 
♦Passenger  train-miles. 

Passenger  car-miles. 
♦Passenger-miles. 

Average  weight  of  passenger  trains: 

a.  Weight  of  locomotives. 

b.  Weight  of  cars. 

c.  Weight  per  passenger. 
Average  speed  of  passenger  trains. 
Average  length  of  run. 

*Mail  and  express  train-mileage. 

Average  weight  of  mail  and  express  trains. 

Non-revenue  ton-mileage. 

Freight  Service 
♦Freight  train-mileage. 
♦Freight  car-mileage. 
♦Revenue  freight  ton- miles. 
Average  weight  of  freight  trains: 

a.  Weight  of  locomotive. 

b.  Weight  of  cars. 
Average  speed  of  freight  trains. 
Average  length  of  run. 

Non-revenue   ton-mileage,  work- trains,  switching,  etc. 

Referring  to  the  several  items  in  the  foregoing  lists  not  di- 
rectly derived  from  the  report  of  the  Interstate  Commerce 
Commission  the  assumptions  made  are  as  follows: 

Passenger  Service 
Passenger   Car-Miles:     These    we-  have    calculated    from   the., 
stated    train    mileage    and    the    assumption    that    the    averages 
number  of  cars  per  train  is  5.5. 
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Average  Weight  of  Passenger  Trains:    We  assume, 
a,  Weight  of  the  average  locomotive  exclusive  of  tender  equals 
60  tons — ^the  weight  on  drivers  is  38  tons — this  is  the  weight  of 
the  average  passenger  locomotive  used  by  the  Erie  system; 

fe,  Average  weight  of  ordinary  passenger  coaches  without 
live  load  equals  30  tons.  This  weight  is  somewhat  in  excess 
of  the  average  weight  of  cars  used  by  a  number  of  railroads  using 
rolling  stock  undoubtedly  representative  of  the  average  in 
use  throughout  the  country.  To  this  we  have  added  10%  in 
estimating  train  weight  to  cover  additional  weight  of  Pullman 
cars. 

c,  Average  number  of  cars  in  trains.  We  assume  five  and 
a  half  cars  per  train  which  is  approximately  correct  for  a  num- 
ber of  the  ijiore  important  railroads  and  is  probably  slighily 
above  rather  than  below  the  grand  average. 

d,  Weight  per  passenger.  We  have  assumed  an  average 
weight  of  140  lb. 

Average  Speed  of  Passenger  Trains:  Referring  to  Fig.  5, 
the  curve  expressing  the  variation  in  the  amount  of  energy 
required  for  traction  as  dependent  upon  average  length  of  run 
between  stations,  shows  that  the  increase  resulting  from  a 
decrease  in  length  of  run  from  20  miles  to  10  miles  is  but  10%. 
If  the  average  length  of  run  be  further  decreased  to  5  miles, 
the  increase  of  energy  for  traction  as  compared  with  that  re- 
quired for  a  10-mile  run  is  approximately  18%. 

Including  energy  required  for  heating  and  lighting  the  cars, 
it  is  not  far  from  accurate  to  assume  33  watt-hours  output  at 
power-house  per  ton-mile  in  average  passenger  service. 

Average  Length  of  Run:  We  have  assumed,  as  stated,  33 
watt-hours  at  power  house  per  ton-mile  including  light  and 
heat.     This  corresponds  to  an  average  run  of  10  miles. 

Average  Weight  of  Mail  and  Express  Trains:  We  have  as- 
sumed average  weight  of  mail  and  express  trains  to  be  the 
same  as  that  of  the  average  passenger  train,  viz.,  180  tons 
without  locomotive  or  live  load. 

Non-Revenue  Ton-Mileage:  This  is  assumed  at  IO^q  to  cover 
*'  double-headers,"  switching  and  additional  power  consumption 
due  to  grades  and  curves.  The  assumption  is  slightly  less 
favorable  to  electric  traction  than  the  facts  would  probably 
warrant. 
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Freight  Service. 

Average  Weight  of  Freight  Trains:  As  regards  freight  service, 
in  estimating  the  average  weight  of  trains  we  have  assumed 
the  following: 

a.  Weight  of  locomotives  equals  68  tons  on  drivers.  This  is 
the  actual  average  of  the  freight  locomotives  of  the  Erie  system 
exclusive  of  tender. 

fc,  Weight  of  cars  equals  15  tons.  This  figure  closely  ap*- 
proximates  the  average  weight  of  all  freight  cars  belonging  to 
the  Erie  Railroad  Company. 

A7}erage  Speed  of  Freight  Trains:  Our  curves  (Fig.  6)  arc 
based  upon  a  gear  ratio  which  produces  on  straight  and  level 
track  a  maximum  speed  of  25  miles  an  hour. 

Determination  of  the  error  involved  by  any  mistake  in  our 
assumption  of  the  average  speed  in  freight  service  is  facilitated 
by  Fig.  8,  which  shows,  for  example,  the  following  relations: 


Maximum  Speed. 

Average  speed, 
including  00  seconds 
stop,  miles  per  hour. 

Average  watt-hours 
per  ton-mile  at 
power  station. 

20 
25 
30 

19 
23 
27 

17 
18 
19 

Average  Length  of  Run:  We  have  assumed  that  for  all 
freight  service  the  average  length  of'  run  is  15  miles.  The 
actual  average  length  of  run  may  vary  considerably  from  the 
distance  assumed  without  causing  material  error  in  our  calcu- 
lation as  shown  in  Fig.  6. 

Non-Revenue  Ton-Mileage:  We  have  added  15%  to  the  tota 
revenue  earning  ton-mileage  to  cover  switching  and  pusher  service 
and  increased  power  consumption  due  to  grades  and  curves. 

Basing  our  calculations  upon  the  foregoing  statistical  facts 
and  the  assumptions  noted,  we  estimate  that  for  the  operation 
of  the  entire  freight  and  passenger  service  of  the  United  States 
as  existinj^  in  1905,  the  aggregate  energy  required  at  bus-bars 
of  power  houses  would  approximate  13,200,000,000  kilowatt- 
hours  per  annum. 

At  0.6  cent  per  kilowatt-hour  the  total  cost  of  energy  for 
traction,  for  the  operation  of  all  auxiliaries,  and  for  the  supply 
of  light  and  heat  to  passenger  trains  would  closely  approximate 
$79,000,000  per  annum.  This  figure  represents  a  saving  of  about 
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$77,500,000  as  compared  with  the  coal  used  by  steam  locomotives 
in  the  year  1905. 

Referring  to  the  table,  the  average  cost  of  this  item  for  6 
years,  viz.,  11.292%,  would  be  reduced  by  electric  traction  to 
5.702%. 

Item  23.  "  Water  supply  for  locomotives."  This  item  is 
eliminated  if  electricity  be  substituted  for  steam. 

Item  24.  **  Oil,  tallow,  and  waste  for  locomotives."  This 
item  should  be  considerably  reduced.  We  assume  that  it  will 
be  reduced  to  0.25%. 

Item  25.  '*  Other  supplies  for  locomotives."  We  make  no 
change  in  this  item. 

Item  26.  *'  Train  service."     This  item  is  not  changed. 

Itena  27.  "  Train  supplies  and  expenses."  This  item  among 
many  others  includes  the  following  which  will  be  changed  by 
the  substitution  of  electric  motive  power,  viz.:  *'  Heating, 
lighting,  cleaning  and  lubricating  cars,  including  the  cost  of 
supplying  and  pumping  gas  into  cars." 

In  discussing  Item  22,  we  have  included  in  the  estimate  of 
electric  power  required  energy  sufficient  to  light  all  cars  three 
hours  out  of  every  twenty-four.  We  have  also  included  energy 
sufficient  to  heat  all  passenger  trains  by  electricity  an  average 
of  three  months  per  annum.  Both  of  these  are  important 
items.  The  cost  of  cleaning  the  cars  should  also  be  reduced 
by  the  elimination  of  smoke  and  cinders  from  the  locomotives. 
All  things  considered  we  believe  it  is  fair  to  assume  that  under 
electric  operation  this  item  will  approximate  one  per  cent,  of 
operating  expenses. 

Item  28.  **  Switchmen,  flagmen,  and  watchmen  "  will  not 
be  changed. 

Item  29.  "  Telegraph  expenses."  In  general  it  is  not  to  be 
expected  that  the  large  amounts  of  power  required  for  train 
operation  can  be  transmitted  electrically  under  conditions 
which  make  it  necessary  to  parallel  telegraph  lines  by  power 
circuits  without  more  or  less  interference  with  the  telegraph 
and  telephone  service.  Certain  technical  questions  in  regard 
to  methods  of  preventing  interference  remain  to  be  worked 
out.  The  erection  of  overhead  circuits  carrying  power  supply 
will  involve  generally  more  or  less  shifting  of  the  location  of 
the  telegraph  lines.  This  item  of  expense  is  taken  care  of  in 
our  estimate  by  inclusion  the  in  cost  of  overhead  construction, 
and  is  treated  as  a  capital  account. 
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Telegraph  circuits  being  rearranged  with  reference  to  the  power 
circuits,  or  equipped  with  one  or  another  of  the  devices  which 
have  been  suggested  as  -preventives  of  difficulties  resulting 
from  inductive  effects  of  the  power  circuits,  it  might  be  assumed, 
perhaps  with  safety,  that  Item  29  would  not  be  changed,  but 
we  are  inclined  to  the  opinion  that  there  will  be  a  slight  increase 
in  the  cost  of  this  item  even  under  the  best  plans  heretofore 
proposed,  and  we  therefore  increase  it  in  our  estimate  to  0.2%. 

Iteni  30.  "  Station  service."  Examination  of  the  factors 
constituting  this  large  item  indicates  no  material  change. 

Item  31.  "  Station  supplies."  This  item  includes  among 
many  others  the  following,  viz.,  **  All  expenditures  for  account 
of  heating  and  lighting  depots,  waiting  rooms,  freight  and 
passenger  offices  and  other  station  buildings;  fuel  and  supplies 
for  engines  operating  freight  carriers  on  docks,  wharves  and 
piers  to  convey  freight  between  boats  and  cars;  supplies  used 
for  stations  and  yards,  signal  lights,  street  lights,  switch  lights, 
semaphore  lamps,  etc.,  also  bills  of  municipalities  for  lighting 
'highway  crossings." 

The  ability  to  employ  conveniently  for  the  lighting  of  im- 
portant passenger  stations  and  yards,  electricity  delivered  at 
the  point  of  consumption  at  a  cost  which,  exclusive  of  capital 
charges  upon  power  plant,  closely  approximates  0.6  cent  per 
kilowatt-hour,  to  substitute  electric  motors  for  engines  now 
used  to  operate  freight  carriers  on  docks,  wharves,  and  piers, 
and  to  avail  conveniently  of  electric  hoists  and  telpher  systems, 
are  important  advantages  incident  to  the  adoption  at 
electricity.  For  lighting  and  incidental  power  service  of  this 
kind,  equivalent  to  that  with  which  railroads  are  now  apparently 
satisfied,  the  change  would  undoubtedly  mean  reduction  in 
cost.  We  will  let  it  stand  as  it  is,  however,  and  would  point 
out  the  fact  that  without  increasing  the  cost  of  this  item,  a 
great  improvement  in  facilities  for  handling  freight  at  docks 
and  wharves  and  for  lighting  passenger  stations  and  yards  will 
result  ffom  the  substitution  of  electric  power. 

Items  32,  33,  and  34.  viz,  "  Switching  charges,  balance," 
'*  Car  per  diem  and  mileage,  balance,"  and  "  Hire  of  equipment, 
balance,"  will  not  be  changed. 

Item  35.  "  Loss  and  damage,"  Under  this  item  the  import- 
ant factors  which  will  be  affected  by  the  substitution  of  elec- 
tricity for  steam  are  the  following:  viz.,  **  Charges  for  loss, 
damage,  delays  or  destruction  of  freight,  parcels,  express  matter, 
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^^Z^g^  and  other  property  entrusted  for  transportation 
(including  live  stock  received  for  shipment)  and  all  expenses 
directly  incident  thereto.  *  *  *  Charges  for  damages  to  or 
destruction  of  crops,  buildings,  lands,  fencing,  vehicles,  or  any 
property  other  than  that  entrusted  for  transportation,  whether 
occasioned  by  fire,  collision,  overflow,  or  otherwise;  also  ser- 
vices and  expenses  of  employees  or  others  while  engaged  as 
witnesses  in  the  case  of  suits.*' 

For  reasons  which  have  been  referred  to  in  our  discussion  of 
the  subject  **  Safety,*'  it  is  clear  that  there  should  be  a  material 
reduction  in  the  charges  for  loss  due  to  destruction  of  freight,  etc. 

Another  saving  will  result  from  the  practical  elimination  by 
reason  of  damage  of  fire,  which  now  not  infrequently  is  caused 
by  sparks  from  locomotives. 

These  savings  will  be  offset  to  some  extent  by  damage  due  to 
telegraph,  telephone,  or  other  wires  coming  in  contact  with  the 
power  circuits  of  the  railway,  unless  reasonable  care  be  exercised 
in  preventing  such  accidental  contact  by  the  adoption  of  proper 
precautions  when  the  electric  equipment  is  installed. 

In  our  estimate  we  have  reduced  item  35  to  0.75%. 

Item  36.  Injuries  to  persons.'*  **  This  account  includes  all 
charges  on  account  of  employes  or  other  persons  killed  or  in- 
jured except  lawyers*  fees  and  court  expenses.** 

For  reasons  referred  to  under  the  heading  **  Safety*'  some  re- 
duction in  the  number  of  passengers  and  employes  killed  and 
injured  in  railway  accidents  may  be  expected  to  result  from  the 
use  of  electricity.  The  risk  of  fire  following  collision  being 
materially  reduced,  we  should  anticipate  a  relatively  greater 
reduction  in  the  number  of  passengers  and  employees  killed  in 
accidents  caused  by  collision  or  derailment  than  in  the  number 
injured  and  a  reduction  in  the  average  severity  of  non-fatal 
injuries  may  also  be  expected.  On  the  other  hand,  a  certain 
number  of  deaths  and  injuries  will  result  directly  from  the  use 
of  electric  power  in  large  amount,  by  accidental  contact  with 
charged  conductors.  These  accidents,  however,  should  not  be 
frequent  if  care  is  taken  in  the  installation  and  proper  main- 
tenance of  the  electric  equipment. 

In  the  year  1904,  of  10,046  fatal  casualties  reported  by  the 
Interstate  Commerce  Commission  **  3,632  were  sustained  by 
employes,  441  by  passengers  and  5,973  by  other  persons.  Of 
this  last  number  5,105  were  reported  as  trespassing,  from  which 
it  may  be  presumed  that  the  railways  are  in  no  sense  legally 
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responsible  for  the  deaths  in  question;  suicides  are  included  in 
this  class." 

'*  The  number  of  injuries  sustained  by  employees  during  the 
year  was  67,000.  The  number  of  injuries  sustained  by  pas- 
sengers was  11,111  and  the  number  of  injuries  sustained  by 
persons  other  than  passengers  and  employees  was  7,977," 

As  regards  the  expenses  included  under  item  36,  we  have  no 
data  indicating  how  these  are  divided  other  than  the  fact  that 
the  railroads  apparently  were  put  to  little  if  any  expense  on 
account  of  about  80%  of  those  persons  other  than  passengers 
and  employees  who  were  killed  and  injured.  While  it  is  pro- 
bable that  a  large  part  of  the  expenditures  was  on  account  of 
passengers  killed  and  injured,  and  while  any  reduction  in  fatal 
and  serious  accidents  to  passengers  therefore  would  materially 
affect  this  item,  we  have  thought  it  best  in  the  absence  of 
satisfactory  data  to  leave  it  practically  as  it  stands,  our  estimate 
being  1%. 

Item  37.  **  Clearing  wrecks."  In  our  opinion  this  item  will 
be  reduced  under  electric  operation  for  reasons  which  have 
been  sufficiently  indicated  in  what  we  have  said  in  regard  to 
item  35.  It  would  seem  that  0.2%  is  a  fair  estimate  of  its  prob- 
able  amount. 

The  following  items  will  not  be  changed: 
*    Item  38,  **  Operating  Marine  Equipment." 

Item  39,  **  Advertising." 

Item  40,  **  Outside  agencies." 

Item  41,  '*  Commissions." 

Item  42,  **  Stock  yards  and  elevator." 

Item  43,  *'  Rents  of  tracks,  yards  and  terminals." 

Item  44,  "  Rents  of  buildings  and  other  property." 

Item  45,  **  Stationery  and  printing." 

Item  46,  "  Other  expenses." 

Gener.al  Expenses 

As  regards  the  several  items  included  under  the  heading 
"  General  expenses,"  the  adoption  of  electricity  will  cause  no 
material  change. 

Summary  and  Conclusions. 

Our  approximate  estimate  of  the  expenses  chargeable  to 
operation  if  electricity  were  in  use  to-day  for  the  opera- 
tion of  all  the  railways  in  the  United  States,  as  discussed 
in  the  foregoing  pages,  is  recorded  in  detail,  item  for  item,  in 
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the  last  column  of  the  tabulated  data  in  Table  I;  these 
data  with  the  exception  of  this  column  of  estimates  being  the 
official  records  of  the  reports  of  the  Interstate  Commerce  Com- 
mission. When  considered  in  detail,  the  estimates  are  natur- 
ally subject  to  criticism  more  or  less  destructive,  as  in  respect 
to  many  items  we  have  not  found  opportunities  to  secure  and 
investigate  the  great  mass  of  detailed  data  showing  in  segre- 
gated form  the  scores  of  factors  which  are  included  in  the  aggre- 
gates appearing  as  single  items  in  the  summarized  table  of  oper- 
ating expenses;  but  while  recognizing  fully  the  imperfections 
and  incompleteness  of  the  attempted  comparative  analysis, 
we  believe  that  the  conclusions  reached  are  correct  within  a 
reasonable  degree  of  approximation. 

According  to  our  estimate,  if  all  the  railways  of  the  United 
States  were  to-day  operated  by  electricity  using  the  single- 
phase  alternating-current  system  at  the  potential  adopted  for 
the  equipment  of  the  New  Haven  Railroad,  the  energy  required 
for  operation  being  developed  by  power  plants  such  as  are  to- 
day in  extensive  use  and  transmitted  at  potentials  well  within 
limits  established  in  practical  service,  and  if  the  rolling  stock 
equipment  consisted  of  locomotives  and  multiple-unit  trains 
fitted  with  motors  and  control  apparatus  no  better  than  the 
best  which  now  exist,  the  aggregate  cost  of  operation  which  in 
1905  amounted  in  round  numbers  to  $1,400,000,000,  would  be 
reduced  by  about  $250,000,000, 

To  accomplish  this  result,  power  plants  delivering  about 
13,200,000,000  kilowatt-hours  per  annum  would  be  required. 
Assuming  the  radius  of  transmission  from  power  houses  to  be 
150  miles,  the  load-factor  in  railway  service  should  be  not  less 
than  0.75,  and  taking  this  figure  it  appears  that  power  plants 
capable  of  delivering  a  maximum  output  of  about  2,800,000 
kilowatts  will  be  sufficient  to  operate  the  entire  railway  service 
of  the  United  States  as  existing  in  the  year  1905.  The  average 
output  required  is  about  10  kilowatts  per  mile  of  line  and  7 
kilowatts  per  mile  of  track. 

In  1905  the  average  gross  earnings  of  our  railroads  per  mile 
of  line  were  $9,598,  and  the  average  operating  expenses  $6,409. 
The  foregoing  calculations  lead  to  the  conclusion  that  high- 
class  electric  equipment  nzw  available  would  reduce  this  aver- 
age cost  to  $5,265.  The  difference  is  $1,144  per  mile  of  line, 
against  which  apparent  sa\ang  must  be  charged  the  annual 
interest  and  depreciation  of  the  power  plant,  the  addition  to 
permanent  way  equipment,  comprising  overhead  construction 
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and  track  bonding,  the  transmission  circuits,  and  the  sub-sta- 
tions with  their  equipment.  Assuming  5%  interest  on  cash 
cost  of  these  items  and  allowing  5%  for  a  sinking  fund  to  cover 
depreciation  of  power  house  with  its  equipment  and  2J%  for 
a  sinking  ftmd  to  cover  depreciation  of  the  overhead  construc- 
tion and  distributing  system,  the  aggregate  of  fixed  charges 
works  out  at  $837  per  mile  of  line.  The  saving  in  operating 
expenses,  therefore,  is  more  than  sufficient  to  take  care  of  the 
increase  of  fixed  charges.  In  other  words,  it  appears  that  the 
entire  railroad  system  of  the  United  States  could  be  operated 
to-day  at  less  cost  by  the  electric  motor  than  by  the  steam 
locomotive.  That  the  railroads  in  general  if  so  equipped 
would  realize  a  large  increase  in  earning  power  will  be  admitted 
by  all  who  have  given  the  subject  intelligent  attention. 

In  charging  against  electric  operation  5%  upon  cost  of  power 
plant  and  2.5%  upon  overhead  construction,  transmission 
circtiits,  substations,  and  track  bonding,  we  have  departed 
from  methods  usually  adopted  in  financing  American  railway 
properties.  "•  If  no  depreciation  be  charged  against  the  in- 
creased capital  account  represented  by  the  items  named,  the 
apparent  saving  will  be  materially  increased. 

While  our  estimates  have  led  us  to  the  conclusion  that,  under 
average  existing  conditions  of  railway  operation  in  the  United 
States,  improved  financial  results  would  be  attained  by  the  sub- 
stitution of  the  electric  motor  for  the  steam  locomotive,  the 
immediate  and  general  adoption  of  the  new  motive  power  by 
our  railroad  companies  is  neither  possible  or  desirable.  It 
requires  no  argument  to  demonstrate  the  wisdom  of  making 
haste  with  deliberation  in  a  matter  involving  interests  of  such 
magnitude  as  those  which  are  tied  up  with  the  transportation 
systems  of  the  United  States.  Recognizing  the  magnitude 
of  these  interests  and  having  in. mind  the  fact  that  the  art  of 
electric  traction  as  applied  upon  a  large  scale  to  heavy  train 
units  is  yet  young,  the  point  which  we  desire  here  to  empha- 
size is  the  necessity  of  conservative  and  carefully  considered 
action  upon  the  part  of  all  members  of  this  Institute  who  may 
be  called  upon  to  advise  in  respect  to  the  electrification  of  rail- 
ways now  operated  by  steam. 

Referring  to  the  following  tabulated  results,  in  which  we 
have  applied  the  estimated  reductions  in  operating  expenses 
under  electric  traction,  amounting  to  ISC^.  of  the  present  aver- 
age  operating  expenses  to   the   ten  geographical  groups  into 
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which  the  railroad  systems  of  the  United  States  are  divided  by 
the  Interstate  Commerce  Commission,  the  relatively  great 
advantages  of  applying  electric  traction  to  systems  operating 
heavy  traffic  showing  large  gross  earnings  per  mile  of  line  are 
evident  at  a  glance. 
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The  Standardization  op  Electric  Railway  Traction 

Equipment 

Electricity,  entering  the  field  hitherto  occupied  exclusively 
by  the  steam  locomotive,  encounters  conditions  wliich  greatly 
emphasize  the  necessity  of  prompt  standardization  of  engi- 
neering practice.  The  management  of  our  railways,  beginning 
by  electrifying  terminals,  tunnels,  and  mountain-grade  divi- 
sions, will  inevitably  be  led  to  extend  these  zones  of  electrifica- 
tion until  they  include  divisions  of  very  considerable  length, 
and  even  trunk-line  systems.  To  call  attention  to  the  trans- 
cendent importance  of  standarizing  the  location  of  such  addi- 
tions to  permanent  way  equipment  as  the  overhead  trolley 
conductor  and  the  third  rail,  is  to  demonstrate  its  necessity. 

Electrical  engineers  now  generally  recognize  the  great  value 
of  established  standards  of  frequency  and  potential  in  plants 
installed  for  lighting  and  power  purposes.  In  recent  years, 
the  Institute,  through  its  Standardization  Committee  has  done 
splendid  work  for  the  manufacturer  of  electrical  apparatus,  as 
well  as  for  the  investor,  by  using  its  influence  to  promote  the 
adoption  of  standards.  Not  many  years  ago,  however,  manu- 
facturing companies,  and  consulting  engineers,  were  in  many 
cases  prone  to  put  forward  or  specify  apparatus  without  refer- 
ence to  its  ability  to  operate  effectively  in  conjunction  with 
other  central  station  equipment,  even  when  the  latter  was  in 
actual  operation  in  the  immediate  vicinity  of  the  new  plant. 
Fortunately,  this  tendency  was  less  marked  in  the  United 
States  than  it  was,  for  example,  in  Great  Britain.  What  will 
happen  from  a  failure  to  adopt  standards  of  practice  at  an  early 
stage  in  the  development  of  an  industrial  art  of  this  nature,  is 
well  illustrated  by  the  problem  now  presented  in  London,  where 
the  engineering  advisers  of  the  London  County  Council  are  en- 
gaged in  studying  the  problem — how  to  supply  electricity  in 
bulk  to  62  central-station  plants  producing  electricity  in  be- 
wildering variety  of  frequency  and  potential. 

In  the  railway  field,  obviously,  general  principles  are  the 
same  as  in  lighting;  but  wise  foresight  is  more  necessary  and 
failure  to  exercise  such  foresight  at  this  date  less  excusable. 
Moreover,  the  advocates  of  electric  traction,  unlike  those  who 
introduced  the  electric  light  into  commercial  service,  are  called 
upon  to  deal  with  a  great  body  of  trained  engineers  and  exper- 
ienced managers  who  are  engaged  in  operating  and  extending 
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systems  of  transportation  which  challenge  admiration  and  re- 
spect. The  rolling  stock  equipment  of  our  railways,  as  a  whole, 
is  justly  an  object  of  national  pride.  The  engineers  and  mana- 
gers directing  and  controlling  these  properties  are  probably 
the  equals  of  any  body  of  men  in  the  world  as  regards  intelli- 
gence and  experience.  Obviously,  it  is  of  the  utmost  import- 
ance that  they  who  accept  the  responsibility  involved  in  the 
substitution  of  electricity  for  steam  in  the  operation  of  certain 
parts  of  our  great  railways,  shouldavoid  fancies  or  fads  and  should 
in  every  way  cooperate  in  the  great  work  of  evolving  promptly 
standards  of  electric  railway  practice  which  shall  withstand 
the  test  of  time.  The  comparatively  small  beginnings  of  to- 
day will  in  all  probability  extend  with  a  rapidity  which  we  can- 
not now  realize,  and  the  confusion  and  loss  which  will  inevitably 
result  in  the  near  future,  if  a  variety  of  electric  equipment  be 
grafted  at  different  points  upon  the  existing  railroad  systems 
now  operating  by  steam,  may  be  imagined.  The  trouble  and 
expense  caused  some  years  ago  by  the  existence  of  several 
gauges  of  railway  track  in  America  were  as  nothing  compared 
with  what  may  result  from  a  failure  to  establish  promptly  stan- 
ards  of  practice  in  the  field  of  electric  railway  traction. 

Where  to-day  are  the  "16,000  alternation"  system  of  light- 
ing, the  **  15,000  alternation  "  system  of  lighting,  the  '*  constant- 
current  alternating-current  arc  light  system,"  the  **  40-cycle 
system  **  and  the  **  monocyclic  system?*'  Where  ten  years 
from  to-day  will  be  the  1200-volt,  or  the  1500-volt,  direct- 
current  systems  which  have  been  suggested  as  substitutes  for 
high-potential  alternating-current  systems  in  heavy  electric 
traction? 

While  emphasizing  the  great  importance  of  the  early  estab- 
lishment of  standards  in  the  field  of  heavy  electric  traction,  it 
must  be  recognized  clearly  that  further  inventions  are  liable 
at  any  time  to  modify  views  based  upon  present  knowledge. 
The  work  of  standardizing,  therefore,  should  proceed  with  cau- 
tion; but  surely  if  present  knowledge,  not  only  of  existing  ap- 
paratus but  of  the  lines  along  which  applicable  improvements 
must  take  place,  is  not  sufficient  to  justify  conservative  ap- 
plication of  the  principle  of  standards,  it  is  not  sufficient  to 
justify  the  investment  of  the  very  large  sums  which  are  now 
being  expended  for  electric  equipment. 

Engineers  constituting  the  membership  of  this  Institute  owe 
it  to  themselves,  as  well  as  to  their  clients,  to  use  every  effort 
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without  prejudice  and  without  fad,  to  prevent  waste  by  oppos- 
ing the  introduction  of  apparatus  which,  from  its  limitations, 
cannot  solve  the  general  problem  of  railway  electrification; 
and  it  is  to  be  hoped  that  they  will  use  their  united  influence  to 
fix  proper  standards  as  rapidly  as  this  establishment  nmy  be 
consistent  with  progress. 

Fortunately,  knowledge  of  the  possibilities  and  limitations 
of  electric  apparatus  to-day  is  a  very  different  thing  from  what 
it  was  in  the  early  days  of  electric  lighting.  At  the  present 
time  we  have  available  theory  so  complete  that  electric  science 
is  less  exact  only  than  the  science  of  astronomy  and  in  appl}ring 
this  science  in  constructive  work  agreement  between  results 
carefully  predetermined  by  calculation  and  those  realized  in 
practice  is  far  closer  than  in  any  other  comparable  branch  of 
engineering.  There  can  be  no  doubt  that  it  is  possible  to-day, 
in  passing  upon  such  a  question,  for  example,  as  that  of  best 
frequency  for  railway  operation  to  make  a  choice  which  shall 
withstand  the  test  of  time. 

The  necessity  of  proper  standardization  is  obvious.  Spe- 
cifically, it  would  seem  feasible  and  eminently  wise  to  agree  upon 
standards  of  practice  in  respect  to  the  following: 

a.  Location  of  third  rail. 

b.  Location  of  overhead  conductor  used  with  single-phase 
alternating-current  system. 

c.  Frequency  of  alternating-current  traction  systems. 

It  IS  equally  desirable,  but  probably  less  easy,  to  agree  upon 
a  standard  system  of  multiple-unit  control  for  train  operation. 

The  Question  op  Frequency. 
While  appreciating  throughly  and  desiring  to  emphasize  the 
importance  of  establishing  and  maintaining  standards,  it  is  also 
of  the  greatest  importance  that  standards  should  be  wisely 
chosen.  The  choice  should  be  made,  if  possible,  with  full  knowledge 
of  the  essential  factors  involved,  and  correct  perspective  view 
of  their  relative  importance.  It  is  with  the  feeling  that  so 
far  as  the  frequency  25  cycles  per  second  may  be  said  to  have 
become  established,  considerations  obvious  at  first  glance,  but 
not  properly  controlling,  may  have  influenced  the  choice  unduly 
that  we  desire  to  present  for  discussion,  the  very  important 
question  whether  25  cycles  per  second  or  a  lower  frequency; 
e.g.,  15  cycles  per  second,  is  best  adapted  and  should  be  estab- 
lished as  a  standard  in  the  equipment  of  railways  by  electricity. 
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Final  decision  of  such  a  question  should  be  left  neither  to 
manufacturing  companies,  the  management  of  which  may  be 
unduly  influenced  by  commercial  considerations,  affecting  their 
own  immediate  prosperity  or  convenience,  nor  should.it  be 
left  to  the  individual  consulting  engineer.  It  is  precisely  the- 
kind  of  question  which  the  Institute  should  pass  upon  by  the 
adoption  of  a  recommendation  carefully  considered  by  its  Stand- 
ardization Committee.  The  manufacturing  companies,  which 
are  largely  and  very  influentially  represented  in  the  body  of 
the  Institute,  will  doubtless  be  willing  to  cooperate  in  the  col- 
lection and  study  of  the  facts  requisite  to  the  formation  of  a 
\yell-grounded  report. 

While  the  adoption  of  a  standard  by  the  Institute  has  the 
force  only  of  a  recommendation^  the  American  Railway  Asso- 
ciation perhaps  might  deem  it  wise  to  indorse  the  choice  of  the 
Institute.  Such  action  on  the  part  of  these  two  bodies  wotild  go 
far  definitely  to  establish  the  standard. 

Comparing  the  relative  advantages  of  25-cycles  and  15-cycles 
in  railway  service  the  salient  advantages  of  the  former  are  the 
following: 

1.  It  is  to-day  in  extensive  use  in  plants  developing  and  dis- 
tributing energy  for  lighting  and  power  purposes,  and  through 
sub-stations  equipped  with  converters  for  the  operation  of  many 
interurban  lines.  It  has  been  adopted  on  a  very  large  scale  by 
such  companies  as  the  Interborough  Rapid  Transit  Company 
of  New  York  for  the  operation  of  its  subway,  surface,  and  ele- 
vated lines,  by  the  I^ennsylvania  &  Long  Island  Railway  Com- 
panies for  the  electrification  of  New  York  terminal  service  and 
operation  over  a  considerable  part  of  Long  Island,  and  by  the 
New  York  Central  for  the  electrification  of  its  terminal  service 
It  is  also  the  frequency  developed  by  all  of  the  great  power 
plants  at  Niagara  Falls,  and  from  this  source  of  power  it  is 
possible  for  all  railway  lines  within  a  radius  of  150 -miles,  or  an' 
even  greater  distance,  to  procure  an  ample  supply  of  very  cheap 
power. 

It  has  been  adopted  by  the  New  York,  New  Haven  &  Hart- 
ford Railway  Company,  the  pioneer  among  American  railroads 
in  the  adoption  of  the  alternating-current  motor  in  heavy  rail- 
way traction,  and  by  the  Grand  Trunk  Railway  for  the  elec- 
trification of  the  Sarnia  Tunnel.  Alternating  current  at  25- 
cycles  is  also  utilized  without  the  interposition  of  converters 
by  the  motor  equipment  on  a  dozen  or  more  interurban  trolley 
lines. 
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2.  Our  great  manufacturing  companies  have  drawings,  pat- 
terns, and  dies  which  enable  them  to  manufacture  conveniently 
and  promptly  practically  all  power-house  and  sub-station  equip- 
ment required  for  25-cycle  apparatus.  The  weight  of  this  consider- 
ation, however,  is  somewhat  lessened  by  the  fact  that  the  march 
of  progress — ^just  now  greatly  accelerated  by  the  general  adop- 
tion of  steam  turbines — will  undoubtedly  cause  a  large  propor- 
tion of  existing  drawings  and  patterns  to  be  superseded  prob- 
ably in  the  very  near  future  and  certainly  within  the  next  five 
years. 

3.  The  26-cycle  system  is  preferable  to  the  lower  frequency 
in  the  design  of  turbo-generators,  since  it  affords  wider  range 
within  which  to  select  speed  for  units  of  various  outputs.  For 
very  large  units  a  frequency  of  15-cycles,  for  example,  requires 
either  a  2-pole  generator  operating  at  900  rev.  per  min.,  a  4- 
pole  generator  operating  at  450  rev.  per  min.,  or  a  6-pole  gener- 
ator operating  at  300  rev.  per  min.  Reduction  in  the  number 
of  revolutions  per  minute  implies  increase  in  diameter  of  the 
revolving  element  of  generator  and  turbine,  and  in  machines  of 
large  output  the  diameter  of  the  revolving  element  in  turbines 
of  certain  types  may  become  too  large  for  shipment  in  view  of 
the  limitations  imposed  by  funnels. 

4.  A  frequency  of  25  cycles  permits  convenient  and  ef- 
fective lighting  of  yards  and  shops  by  incandescent  lamps.  It 
is  also  more  favorable  than  a  lower  frequency  as  regards  opera- 
tion of  induction  motors  for  shop  purposes. 

Should  our  railways  in  general  be  equipped  for  electric  opera- 
tion, it  is  to  be  expected  that  in  many  cases  they  would  under- 
take to  supply  electricity  for  light  and  power  purposes  beyond 
their  own  requirements,  and  the  higher  frequency  possesses 
important  advantages  with  reference  to  such  commercial  service. 

For  lighting  and  general  power  purposes  in  cases  where  service 
for  lighting  'purposes  that  shall  be  thoroughly  satisfactory  in 
respect  to  voltage,  regulation  and  continuity  is  requisite,  com- 
mercial supply  at  25  cycles  would  be  preferable.  Through 
the  interposition  of  motor-generator  sets  or  converters  in  con- 
bination  with  storage  batteries  in  such  cases  either  frequency 
is  applicable. 

5.  The  higher  frequency  possesses  some  advantage  in  re- 
spect to  the  ratio  of  tractive  effort  to  weight  upon  drivers. 
The  best  information  available  to  date  appears  to  indicate  that 
the  difference  between  25  cycles  and   15  cycles  in  respect  to 
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this  consideration  probably  approximates  10%.  Ftirther  data 
from  actual  test  are  desirable,  and  must  be  obtained  before  it 
is  possible  to  estimate  closely  the  weight  of  advantage  pos- 
sessed by  the  higher  frequency. 

6.  The  higher  frequency  is  preferable  for  induction  motors 
in  railway  service  requiring  a  considerable  range  of  speed 
adjustment.  The  force  of  this  consideration  depends  upon 
the. probability  of  using  induction  motors  for  traction  purposes, 
and  applies  not  only  to  the  excellent  three-phase  motors,  such 
as  are  in  very  successful  use  upon  the  Valtellina  line,  but  also 
to  the  single-phase  induction  motor  which,  perhaps,  is  not 
beyond  the  range  of  probability.  It  is  probable  that  in  any 
general  electrification  of  our  railway  system,  induction  motors 
will  play  a  part  by  no  means  unimportant. 

Without  attempting  detailed  discussion,  it  is  evident  from 
the  foregoing  brief  statement  of  the  more  important  consid- 
erations in  favor  of  25  cycles  that  extremely  weighty  reasons 
must  exist  if  the  adoption  of  a  lower  frequency,  e,g.,  15  cycles, 
is  justified. 

While  our  object  in  raising  this  question  of  frequency  is  to 
present  it  for  discussion  with  a  view  to  securing  additional 
data  and,  if  possible,  a  careful  consideration  of  this  very  im- 
portant question  by  the  Institute  through  its  Standardization 
Committee,  or  a  special  committee,  and  while  we  desire  to  avoid 
anticipating  the  verdict  resulting  from  such  an  investigation, 
it  is  proper  to  state  here  that  consideration  of  the  facts  now 
available  leads  us  to  conclude  that  notwithstanding  the  number 
and  force  of  the  arguments  in  favor  of  25  cycles,  a  frequency  of 
15  cycles  is  preferable  and  should  be  adopted  for  heavy  electric 
traction.  The  fundamental  and,  as  it  would  appear,  con- 
trolling reason  which  leads  to  this  conclusion  is  the  fact  that 
within  given  dimensions  a  materially  more  powerful,  efficient, 
and  generally  effective  single-phase  motor  can  be  constructed 
for  15-cycle  operation  than  is  possible  if  25  cycles  be  selected. 

Final  decision  of  the  question  whether  the  advantages  of  the 
15-cycle  motor  as  compared  with  the  25-cycle  motor  in  respect 
to  dimensions,  weight,  efficiency,  power-factor,  and  commuta- 
tion are  such  as  outweigh  the  many  and  important  considera- 
tions which  favor  the  higher  frequency,  requires  more  complete 
data  than  we  have  been  able  to  secure  up  to  the  present  time. 
That  the  difference  is  material,  however,  is  established  not  only 
by  general  theoretical  consideration  of  the  effect  of  a  reduction 


^2  STILLWELL  AXD  PUTNAM  [Jan.  26 

in  frequency  upon  the  design  and  performance  of  single-phase 
commutating  motors,  but  also  by  the  following  facts: 

1.  In  the  case  of  multiple-unit  equipment  of  passenger  cars 
where  locomotives  are  dispensed  with  and  motors  carried  upon 
the  car  trucks,  it  is  very  important  that  the  dimensions  of  motors 
be  reduced  to  a  minimum.  Cars  weighing,  say,  35  tons  without 
equipment  and  operating  on  straight  and  level  track  at  speeds 
of  from  60  to  70  miles  an  hour,  require  but  two  motors,  except 
as  it  may  become  necessary  to  employ  four  motors  by  reason 
of  lack  of  sufficient  clearance  at  cross-overs.  The  difference 
between  a  two-motor  equipment  and  a  four-motor  equipment 
in  such  a  case  approximates  $2,500.00  per  car,  besides  which 
the  four-motor  equipment  adds  materially  to  weight,  practically 
doubles  complication,  and,  for  both  of  these  reasons,  increases 
cost  of  operation.  The  difference  between  the  dimensions  of 
a  15-cycle  and  a  25-cycle  motor  may  easily  be  the  controlling 
consideration  compelling  the  adoption  of  the  four-motor  equip- 
ment. 

2.  In  the  application  of  single-phase  commutating  motors 
to  locomotives  in  general  railway  service,  the  minimizing  of 
motor  dimensions  is  perhaps  still  more  important,  although 
in  this  instance  the  limitations  imposed  by  the  space  available 
are  less  obvious. 

High-speed  passenger  locomotives  at  least  should  be  gear- 
less.  For  any  assumed  limits  of  weight  per  axle  and  length  of 
wheel-base,  that  frequency  is  preferable  which  permits  the 
construction  of  a  motor  which  will  exert  the  greater  pull  at  the 
draw-bar,  provided  efficiency,  commutation,  and  power-factors 
are  substantially  equal. 

Those  who  are  engaged  directly  in  the  design  of  single-phase 
motors  are  probably  in  position  to  contribute  to  the  discussion  of 
this  paper  data  which  will  throw  much  light  upon  the  subject; 
but  it  would  seem  probable  that  within  given  limits  of  dimen- 
sions, 15-cycle  motors  would  materially  surpass  25-cycIe  equip- 
ment in  this  respect.  We  are  inclined  to  this  opinion  not- 
withstanding the  probable  advantage  of  25-cycle  equipment  as 
regards  the  ratio  of  effective  draw-bar  pull  to  weight  upon 
drivers. 

3.  There  can  be  no  question  of  the  superiority  of  the  15-cycle 
motor  in  respect  to  the  very  important  features,  commutation, 
efficiency,  and  power-factor.  Efficiency  is  obviously  and  di- 
rectly important.     Power-factor   affects   the   efficiency  of  the 


1907]         ELECTRIC  MOTOR  vs,  STEAM  LOCOMOTIVE  93 

entire  system  from  the  motor  to,  and  including,  the  generator. 
Commutation,  in  view  of  the  large  and  expensive  commutators 
and  the  brush  complication  of  this  type  of  motor,  is  of  great 
importance. 

In  order  that  the  question  raised  may  be  looked  at  in  proper 
perspective  the  following  estimates  based  upon  foregoing  cal- 
culations will  be  useful: 

For  the  equipment  of  the  entire  railway  system  of  the  United 
States  as  now  existing  an  aggregate  power-house  output  capable 
of  supplying  continuously  2,100,000  kilowatts  would  be  re- 
quired. Of  the  electric  apparatus  installed  in  the  power-houses, 
a  change  in  frequency  affects  the  generators,  transformers, 
and  a  large  proportion  of  the  measuring  and  indicating  instru- 
ments. It  also  affects  the  cost  of  the  engine  or  turbine  em- 
ployed to  drive  the  generator.  At  25  cycles,  the  apparatus 
affected  by  frequency  should  cost  approximately  $30  per  kilo- 
watt. At  15  cycles  it  would  cost  on  the  average  perhaps  $33 
per  kilowatt.  Cost  of  sub-station  transformers  would  be  in- 
creased approximately  one-third,  and,  in  round  numbers,  the 
total  cost  of  turbines  and  electrical  power  house  and  sub-station 
apparatus  would  be  increased  from  $70,000,000  to  $80,000,000. 

If  it  be  assumed  that  one  electric  locomotive  will  do  the  work 
of  two  steam  locomotives,  about  24,000  electric  locomotives 
would  be  required  to  take  care  of  the  present  railway  business 
of  the  country.  Assuming  the  cost  of  the  average  electric  loco- 
motive to  be  $25,000  the  aggregate  cost  of  locomotives  required 
would  be  $600,000,000.  Allowing  for  the  increased  cost  of  the 
15-cycle  transformers,  it  would  seem  that  the  difference  in  cost 
of  the  average  locomotive  should  be  not  less  than  $1,000  in  favor 
of  the  lower  frequency,  or  for  24,000  locomotives  $24,000,000. 
This  is  more  than  twice  the  estimated  difference  in  cost  of  power- 
house and  sub-station  equipment. 

It  seems  entirely  safe  to  say,  therefore,  that  the  aggregate  first 
cost  of  electric  equipment  and  of  steam  turbine  will  be  decreased  by 
a  change  from  25  cycles  to  15  cycles.  The  operating  cost  will 
obviously  be  decreased  very  materially.  At  least  three-fourths 
of  the  above  estimated  cost  of  electric  locomotives,  say  $450,- 
000,000  represents  cost  of  electric  equipment.  It  will  be  seen, 
therefore,  that  of  the  apparatus  which  our  electrical  manufac- 
uring  companies  may  be  called  upon  to  furnish,  more  than  85% 
is  rolling  stock.  Obviously,  any  argument  in  favor  of  25-cycle 
equipment  which   may  rest  upon  existence  of  drawings  and 
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patterns  and  convenience  in  manufacturing  should  have  com- 
paratively little  weight. 

The  use  of  15  cycles  instead  of  25  cycles  also  secures  consid- 
erable advantage  in  respect  to  the  overhead  trolley  conductor 
and  track  return.  With  a  given  limit  of  voltage-drop,  this 
advantage  may  be  utilized  by  reducing  size  and,  consequently, 
cost  of  the  overhead  copper  and  the  copper  used  to  reinforce 
the  track  return. 

Under  the  plans  which  we  have  assumed  as  a  basis  of  our  calcula- 
tions, the  amount  of  copper  required  for  feeder  circuits,  trolleys, 
and  reinforced  track-return,  estimated  at  20  cents  per  pound 
would  cost  approximately  $750,000,000  were  the  entire  rail- 
way system  of  the  country  as  existing  in  1905  to  be  equipped 
for  electric  operation.* 

We  desire  to  acknowledge  with  appreciation,  assistance 
kindly  rendered  in  the  collection  of  data  for  this  paper  by  Mr. 
J.  M.  Graham,  vice-president  of  the  Erie  Railroad  Company; 
Mr.  Theo.  N.  Ely,  chief  of  motive  power  of  the  Pennsylvania  Rail- 
road Company;  Mr.  George  Gould,  president  of  the  Missouri 
Pacific  and  other  railway  systems;  Mr.  E.  Z.  Jeffrey,  president 
of  the  Denver  Cc  Rio  Grande  Railroad  Co. ;  Mr.  E.  P.  Bryan, 
vice-president  and  Mr.  Frank  Hedley,  general  manager,  of  the 
Interborough  Rapid  Transit  Company;  Mr.  G.  Leve,  of  the  Rail- 
way Electric  Power  Company;  Mr.  Alvan  Markle,  president  of  the 
Wilkes-Barre  &  Hazleton  Railway  Company ;  Mr.  George  C. 
Smith,  vice-president  of  the  Security  Investment  Company; 
Mr.  H.J.  Pierce,  president  of  the  International  Railway  Company: 
Messrs.  Conwell,  Shepard  and  McLaren,  of  the  Westinghouse 
Electric  &  Manufacturing  Company ;  and  Messrs.  Potter  and 
Mahony,  of  the  General  Electric  Company. 

♦In  all  our  estimates  we  have  included  0000  copper  conductor  in  the 
return  circuit,  this  being  bonded  to  the  rails  at  intervals  for  the  purpose 
of  preventing  dangerous  potential  on  track  in  case  of  a  broken  bond. 
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APPENDIX 
PowER-HousE  Output  and  Load-Factor 

The  report  of  the  Interstate  Commerce  Commission  gives 
the  total  revenue  traffic  for  the  entire  United  States  for  the 
year  ending  June  30,  1905,  as  1,038,441,  430  train-miles,  of  which 
459,827,029  is  passenger-train  mileage,  546,424,405  freight- 
train  mileage,  and  the  unclassified  balance,  32,189,996,  we  have 
assumed  to  be  mail-  and  express-train  mileage.  Including  the 
mail  and  express  trains  with  the  passenger-train  service, 
there  is  an  average  of  6.2  passenger  and  6.9  freight  trains  per 
mile  of  line  per  day,  or  approximately  7  trains  each  way  per  day. 

Using  average  weights  of  equipments,  as  stated  in  our  paper, 
and  average  hauls  of  goods  and  passengers,  and  making  al- 
lowances for  switching,  etc.,  the  traffic  amounts  to  3,000,000 
ton-miles  per  mile  of  line  per  annum,  of  which  600,000  -ton-miles 
are  in  passenger  service  and  2,400,000  ton-miles  in  freight  ser- 
vice. In  electric  operation  these  figures  will  be  reduced  by  the 
weight  of  engine  tenders  and  a  part  of  the  weights  on  pony  trucks. 

To  supply  electric  power  for  the  operation  of  the  steam  roads, 
we  have  assumed  that  power  houses  would  be  located  at  average 
intervals  of  300  miles.  This  requires  a  transmission  of  150  miles 
and  for  this  purpose  we  have  employed  in  our  calculations 
60,000  volts.  As  stated  in  our  paper,  both  the  distance  of  trans- 
mission and  the  voltage  employed  are  within  current  practice  in 
plants  now  in  commercial  operation  in  this  country,  under  con- 
ditions and  for  purposes  identical  with  those  contemplated  in  our 
paper. 

In  our  calculations  we  have  assumed  that  passenger  trains 
are  geared  for  a  maximum  speed  of  50  miles  per  hour  and  freight 
trains  25  miles  per  hour,  on  a  tangent  and  level  track.  We  have 
assumed  that  the  average  run  of  passenger  trains  is  10  miles 
and  freight  trains  15  miles  between  stops.  With  the  gear  ratios 
used  this  gives  an  average  speed  of  40.5  and  23  miles  per  hour, 
respectively.  At  these  speeds  the  average  load  on  each  power 
station  supplying  300  miles  of  line  is  1.98  passenger  trains  and 
3.84  freight  trains,  an  average  of  5.82  trains  of  both  kinds. 
With  equal  intervals  between  passenger  and  freight  trains,  re- 
spectively, the  average  load  on  the  power  house  is  2100  kw.,  the 
load-factor  is  0.97  and  the  maximum  momentary  peak  is  esti- 
mated to  be  3000  kw.  This  method  of  operation  is  shown  in 
Fig.  9. 
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The  schedule  speeds  above  mentioned  include  momentary 
stops  only.  As  trains  are  now  operated,  the  average  passenger 
train,  owing  to  stops  and  delays  of  various  kinds,  does  not  average 
more  than  30  miles  an  hour,  and  through  and  local  freight  trains 
probably  do  not  average  more  than  12  miles  an  hour.  In  Fig.  10 
we  have  illustrated  the  result  at  the  power  house  if  trains  are 
operated  at  these  modified  average  speeds.     The  average  load 
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Fig.  9. — Power-House  Load,  Maximum  Average  Speeds. 
Passenger  trains,  226  tons,  40*5  miles  per  hr.  273  kw. 
Freight  trains,  937  tons,  23.0  miles  per  hr.  351  kw. 
Transmission  efficiency  90%.     Average  trains  on  section,  5.8. 
Average  power-house  load  2100  kw.     Load -factor  0.968. 
Estimated  momentary  peak  2970  kw.,  85%  efficiency. 


remains  practically  the  same  as  before,  while  the  load-factor  is 
reduced  to  0.82  and  the  estimated  maximum  momentary  peak 
is  increased  to  4700  kw. 

Our  estimate  of  the  total  power-house  capacity  for  all  the  rail- 
roads of  the  United  States  is  2,100,000  kw.,  which  is  approxi- 
mately 3,000  kw.  for  each  300-mile  section.  This  is  nearly  50% 
in  excess  of  the  averaj^e  load.  The  generators  proposed  for  this 
power-house  equipment  have  a  momentary  overload  output  of 
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100%  and  can  carry  an  overload  of  50%  for  several  hours.  It  is 
evident,  therefore,  that  the  average  power  plant  provided,  after 
deducting  20%  for  reserve,  is  ample  to  take  care  of  ordinary 
variations  in  traffic. 

It  is  nM,nifestly  impossible  for  railroads  to  operate  their  pas- 
senger and  freight  trains  on  equal  headway.  Some  roads  as  a 
matter  of  convenience  despatch  freight  trains  in  **  fleets  ",  and 
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Fig.  10. — PowER-HousE  Load,  Minimum  Average  Speeds. 
Passenger  trains,  226  tons,  30  miles  per  hr.  210  kw. 
Freight  trains,  937  tx>ns,  12  miles  per  hr.  187  kw. 
Transmission  efficiency,  90  %.     Average  trains  on  section  10.0. 
Average  power-house  load  2140  kw.     Load  factor  0.823. 
Estimated  momentary  peak  4720  kw.     85%  efficiency. 


cattle  and  some  produce  trains  must  arrive  at  their  destinations 
at  fixed  times  of  the  day.  This  method  of  operation  is  desirable 
and  practicable  in  steam  operation  and  obviously  is  objectionable 
in  electric  operation,  as  power-house  capacity  must  be  provided 
for  the  maximum  number  of  trains  on  the  division.  On  the  other 
hand,  on  those  roads  where  traffic  is  most  congested,  the  track 
facilities  can  best  be  utilized  by  equal  spacing  of  trains.  When 
this  question  becomes  important,  therefore,  the  natural  tendency 
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is  towards  an  approximately  equal  distribution.  As  the  gen- 
erators include  in  our  estimates  have  a  continuous  overload 
capacity  of  25%,  50%  for  several  hours, and  100%  momentarily, 
and  as  we  have  provided  an  excess  of  nearly  50%  over  average 
demands,  the  power-house  capacity  provided  appears  ample  for 
any  reasonable  variation  in  the  method  of  operating  trains.  In  this 
connection,  we  wish  to  call  attention  to  the  fact  that  under  aver- 
a^je  conditions  freight  trains  require  25  hours  to  traverse  the 
length  of  line  supplied  from  a  single  power  house ;  hence  if  trains 
are  despatched  in  **  fleets  "  a  second  fleet  will  begin  to  draw 
upon  the  power  house  as  the  first  fleet  passes  off  the  power- 
house load  remaining  practically  constant. 

Resistance  Due  to  Grades 

In  many  cases  we  have  found  so  far  as  power  house-requirements 
are  concerned  that  the  additional  resistance,  due  to  grades  and 
curves,  can  be  practically  neglected  in  the  electric  operation  of 
trains.  Unlike  the  steam  locomotive,  the  electric  motor,  under 
certain  conditions,  operates  at  higher  efficiency  on  grades  and 
curves  than  when  running  free  on  a  straight  and  level  track. 
This  is  due  to  the  fact  that  the  motdr  and  gear  ratio  are  properly 
selected  to  obtain  the  highest  average  efficiency  in  operation. 
The  effect  of  this  selection  throws  the  load  in  continuous  opera- 
tion on  level  track  below  the  point  of  maximum  efficiency.  In 
ascending  a  grade  the  speed  is  reduced,  and  within  reasonable 
limits  this  reduction  implies  an  increase  in  motor  efficiency. 
Again,  the  reduction  in  speed,  due  to  grade,  results  in  a  reduction 
in  rolling  friction  and  train  resistance.  These  gains  are  not  offset 
in  descending  grades  unless,  in  addition  to  gravity,  power  be 
used  to  attain  a  speed  exceeding  the  maximum  limit  which  we  have 
assumed,  namely,  50  miles  an  hour  in  passenger  service  and  25 
miles  an  hour  in  freight  service.  Theoretically,  as  long  as  the 
grade  does  not  introduce  a  resistance  in  excess  of  that  of  the 
train-friction  independent  of  the  grade,  the  energy  expended 
in  lifting  the  train  will  be  recovered  in  overcoming  train-friction 
in  going  down  grade.  If  the  ascending  and  descending  speeds 
are  equal  the  energy  consumption  will  be  the  same  per  ton-mile 
as  on  a  straight  and  level  track  of  the  same  length.  If  the  as- 
cending speed  is  reduced,  as  it  is  in  the  case  of  the  series  motor, 
the  total  watt-hour  consumption  will  also  be  reduced.  In  Fig.  11 
and  Fig.  12  we  hav^e  plotted  the  effect  of  grades  upon  poweij 
consumption  in  both  passenger  and   freight   service.       In  ordeif 
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to  keep  this  discussion  distinct  from  the  question  of  motor  and 
transmission  efficiencies,  we  have  assumed  a  motor  efficiency 
of  86%  in  all  cases  and  90%  transmission  efficiency.  All  power 
calculations  are  carried  back  to  the  power  house,  and  that  por- 
tion of  the  recuperated  energy  which  cannot  be  utilized  by  the 
train  auxiliaries  has  been  returned  to  the  power  house  at  90% 
efficiency.  Extra  electric  locomotives  are  added  as  needed. 
With  the  train  weights  employed,  it  will  be  noted  from  ati  inspec- 


FlG.  11. 


tion  of  these  curves  that  the  power  consumption  over  grades  is 
less  than  it  is  over  straight  and  level  track  in  passenger  service 
for  all  grades  less  than  0.55%,  and  in  freight  service  less  than 
0.35%.  Comparatively  few  lines  are  absolutely  level,  but  on  the 
other  hand  the  aggregate  mileage  on  grades  exceeding  0.5%  is 
relatively  small.  It  is  believed,  therefore,  that  the  general 
result  as  to  power  consumption  will  be  very  close  to  that  required 
over  straight  and  level  track.     Nevertheless,  as  stated  in  our 
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paper,  we  have  added  to  our  calculations  of  energy  required  10% 
in  the  case  of  passenger  service,  and  15%  in  case  of  freight  ser- 
vice, to  cover  contingencies,  including  switching,  **  double  head- 
ers "  and  the  additional  resistance  due  to  grades  and  curves. 
In  some  recent  calculations  in  which  we  went  into  the  subject 
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in  great  detail  the  foregoing  conclusions  were  corroborated.  In 
one  case  in  express  service  the  detailed  calculations  of  runs  over 
the  road  showed  a  consumption  of  power  of  53  watt-hours  per 
ton-mile,  while  52.8  watt-hours  per  ton-mile  was  obtained  by 
using  an  average  run  on  a  straight  and  level  track.     In  the  local 


1907J  ELECTRIC  MOTOR  vs.  STEAM  LOCOMOTIVE  101 

service  over  the  same  line  the  figures  were  84.2  watt-hours  in 
the  detailed  calculations  and  86  watt-hours  for  an  average  run 
on  a  straight  and  level  track  .  These  results  were  obtained  from 
calculations  relative  to  the  electrification  of  the  suburban  por- 
tion of  a  steam  railroad  over  30  miles  in  length ;  a  large  percent- 
age of  its  tracks  being  on  grades  and  curves.  There  were  maxi- 
mum grades  of  1.47%,  1.65%,  and  2.32%  and  curves  of  6°  22' 
and  8®  30'.  Numerous  other  calculations  and  road  tests  have 
verified  these  results. 

Recuperation. 

In  making  our  calculations  as  to  power  consumption,  we  have 
made  no  deduction  for  the  electrical  return  of  power  to  the  line. 
In  the  case  of  the  higher  grades  this  becomes  a  matter  of 
importance,  as  shown  by  Fig.  11  and  Fig.  12.  Where  the 
force  of  gravity  due  to  grade  exceeds  the  amount  that  can  be 
utilized  mechanically  in  overcoming  train-friction,  recuperation 
reduces  the  increase  in  power  consumption  due  to  the  grade  by 
approximately  60%  over  a  grade  of  1.5%,  so  that  even  in  freight 
service  over  mountain  grades  the  power  required  will  not  ex- 
ceed that  consumed  on  a  level  track  by  more  than  from  40%  to 
60%.  With  recuperation,  the  power  consumption  or  what  is  its 
equivalent,  the  coal  consumption,  is  not  doubled  until  we  reach 
grades  of  over  3%  in  passenger  service  and  2%  in  freight  service. 
These  grades  are  considerably  in  excess  of  any  used  on  our  trunk- 
line  railroads.  The  ability  to  recuperate  energy  is  import- 
ant on  lines  that  have  heavy  grades.  In  addition  to  the 
saving  in  power,  the  saving  in  wear  and  tear  from  mechani- 
cal breaking  is  of  as  great,  and  perhaps  even  greater,  im- 
portance. The  energy  represented  by  the  difference  between 
the  curves  shown  on  Fig.  11  and  Fig.  12  representing  the  power 
required  at  the  power  house  with  and  without  recuperation,  in- 
creased by  the  energy  losses  absorbed  by  the  motor  and  trans- 
mission lines,  must  be  absorbed  by  the  brake-shoes  and  wheels 
when  mechanical  braking  is  used . 
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Discussion  on  **  On  the  Substitution  op  the  Electric 
Motor  for  the  Steam  Locomotive/'  at  New  York,  Jan- 
uary 25.  1907. 

Frank  J.  Sprague:  This  paper  has  evidently  been  prepared 
with  a  good  deal  of  care,  but  in  certain  essentials  I  am  absolutely 
at  variance  with  some  of  the  conclusions  which  have  been 
expressed.  There  is  so  much  to  be  said,  and  the  time  is  so 
limited,  that  it  would  be  discourteous  to  the  authors  and  an 
injustice  to  myself  to  attempt  to  enter  into  detailed  comment, 
so  I  shall  content  myself  for  the  present  with  only  a  few  remarks. 

Briefly,  the  authors  have  given  an  interesting  resume  of  sta- 
tistical information  based  almost  entirely  upon  direct-current 
operation  in  this  country,  with  some  report  of  results  from 
operation  on  the  three-phase  system  abroad  under  conditions 
diflEering  largely  from  those  characterizing  American  railroads. 
They  have  generalized  the  features  of  operation  of  the  steam 
railroads  of  the  United  States,  and  on  that  generalization  have 
formulated  certain  conclusions  favorable  to  the  adoption  of 
electricity.  All  these  should  receive  careful  attention  and 
analysis.  In  addition,  they  plead  for  standardization  of  electric 
apparatus  and  equipment,  and,  if  I  understand  correctly,  for  a 
standard  of  operation  based  upon  the  use  of  single-phase  alter- 
nating-current motors  operated  at  11,000  volts  and  15  cycles 
from  an  overhead  trolley. 

Their  attitude,  as  expressed  in  their  paper,  is  emphasized 
by  these  two  statements: 

The  distributing  system  for  altenating-current  equipment,  which  is 
the  only  class  of  equipment  deserving  serious  consideration  in  connection 
with  the  general  problem  which  we  are  discussing,  comprises  an  addition 
to  pennanent  way  equipment  in  the  form  of  overhead  construction,  and 
electric  conductors  conveying  power  from  the  power  house  to  the  troUey 
or  conductor  which  is  carried  above  the  track. 

The  advantage  in  favor  of  electric  operation  is  of  course  more  marked 
if  we  assume  that  alternating-current  equipment  is  to  be  used,  as  in 
general  would  be  the  case  in  the  electrification  of  trunk  lines  or  long 
divisions. 

These  are  certainly  positive  affirmations,  and  if  sound  would 
perhaps  warrant  that  spirit  of  enthusiastic  and  inquiring  prophecy 
in  which  the  sound  basic  principles  which  have  made  electric 
traction  successful  are  coupled  with  various  unscientific  and 
quickly  discarded  proposals,  and  lightly  brushed  aside  with  the 
query: 

Where,  ten  years  from  to-day,  will  be  the  1200- volt  or  1500-volt  direct- 
current  systems  which  have  been  suggested  as  substitutes  for  high- 
potential  altenating-current  systems  in  heavy  electric  traction? 

I  think  I  see  my  initials  under  these  specific  voltages;  and  it  is 
right  here  that  I  beg  to  differ  from  the  conclusions  expressed 
by  the  authors,  and  venture  to  correct  them.  The  higher- 
potential  direct-current  systems  will  still  be  here,  just  as  we  have 
the  lower  voltages  of  the  past  19  years,  no  matter  what  other 
developments  may  take  place. 
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I  have  been  guilty,  gentlemen,  of  some  *'  fads  and  fancies  " 
while  a  member  of  this  Institute  for  a  time  covering  the  entire 
practical  development  of  the  electric  railway,  in  which  I  have 
played  some  material  part;  they  have  been  translated  into 
facts.  I  have  ventured  a  few  prophecies;  they  are  now  a  part 
of  history. 

Operation  at  1200  to  1500  volts  by  direct  current  has  not 
been  advanced  by  me  as  a  **  substitute  "  for  high-pressure 
alternating  currents  for  heavy  electric  traction,  or  as  the  only 
means  available  for  this  purpose;  it  has  been  advocated  as  one 
practical  development  along  existing  lines  which  under  many 
conditions,  and  with  the  present  development  of  the  25-cycle 
altcinating-current  motor,  offered  some  possibilities  of  railroad 
operation  denied  to  the  latter. 

I  prefer  to  define  my  own  position  rather  than  to  have  it 
determined  for  me  by  others.  I  do  not  profess  to  know  what 
the  ultimate  developments  in  this  art  are  going  to  be,  nor  will  I 
enter  into  any  rivalry  in  predicting  that  a  specific  type  of 
equipment  must  be  universally  adopted,  for  I  feel  sure  that  the 
selection  of  a  system  by  any  road  must  be  largely  individual, 
and  determined  by  its  own  necessities. 

There  will  be  opportunities  for  alternating-current  equipment, 
and  there  are  many  hopeful  alternating-current  possibilities,- 
but  surely  these  are  not  the  only  practicable  methods  worthy 
of  serious  consideration  by  such  trunk-line  divisions  as  may 
reasonably  consider  the  possibilities  of  electric  operation  to- 
day. 

As  useful  as  a  mass  of  statistics  may  be,  I  do  not  think  it 
necessary,  to  come  to  specific  conclusions  in  the  matter  of 
electric  railway  equipment,  to  generalize  all  the  railroads  of  the 
United  States.  There  are  a  lot  of  them  in  the  hands  of  receivers, 
and  some  of  the  others  ought  to  be.  They  could  not  be  taken 
out  of  their  hands  if  they  were  electrified,  and  could  not  raise 
the  money  to  be  electrified  if  they  wanted  to.  I  prefer  to  deal 
with  the  living,  immediate  questions.  There  will  in  the  near 
future  be  three  great  trunk-line  railroads  terminating  in  New 
York  City,  to  say  nothing  of  those  terminating  in  Jersey  City 
and  elsewhere,  on  which  the  question  of  electric  operation  is 
assuming  special  importance.  One  of  them  is  proceeding  along 
certain  lines,  another  by  somewhat  different  methods.  There 
has  been  considerable  discussion  as  to  the  wisdom  of  both.  I 
have  been  guilty  of  some  of  the  development  on  one,  and  I  am 
not  ashamed  of  it.  I  have  somewhat  frankly  criticized  some 
matters  connected  with  the  other,  and  I  have  no  apologies  to 
offer  on  that  account.  But  leaving  these  two  roads  out  of 
consideration,  do  we  need  to  look  further  for  a  typical  trunk-line 
division  than  to  the  third  road,  the  Pennsylvania,  from  here 
to  Philadelphia?  An  engine  run,  and  none  more  typical.  I 
am  going  to  venture,  not  a  prophecy,  but  a  statement.  If  that 
line  were  called  upon  to  be  electrified  to-day — ^and  it  can  very 


104  ELECTRIC  MOTOR  vs,  STEAM  LOCOMOTIVE    [Jan.  25 

properly  and  seriously  consider  it — ^it  would  not,  in  my  present 
judgment,  be  best  done  by  a  single-phase  overhead  trolley  alternat- 
ing-current equipment,  whether  25  cycles,  15  cycles,  or  1  cycle. 
There  would  be  a  variable  half  cycle,  and  it  would  be  the  length 
of  time  between  controller  operations.  And  on  many  other 
lines  which  can  properly  consider  electrification,  the  higher 
voltage  direct-current  system,  according  to  any  present  develop- 
ment, will  give  better  results  than  the  alternating-current 
overhead  system. 

These  conclusions  are  based  in  part  upon  a  four  months' 
study  and  analysis  of  one  of  the  most  difficult  railroad  problems 
in  this  country.  Had  I  not  been  closely  occupied  in  trying  to 
complete  that  particular  investigation,  I  should  be  in  a  better 
position  more  fully  to  discuss  the  paper  of  the  evening.  I  hope, 
however,  in  the  comparatively  near  future  to  present  to  this 
Institute,  of  which  I  have  had  the  honor  to  be  a  President,  a 
few  comparative  statements  on  the  subject  of  direct-current 
and  alternating-current  operation,  and  I  will  reserve  until  that 
time  most  of  what  I  have  to  say. 

B.  G.  Lamme:  As  the  time  is  limited,  I  shall  confine  myself 
to  the  question  of  frequency  alone.  It  may  be  of  interest  to 
consider  the  changes  in  frequency  from  the  earliest  time  to  the 
present,  and  see  what  Mr.  Still  well  has  had  to  do  with  such 
changes.  Back  in  the  early  times  of  alternating-current,  work, 
133  cycles  per  second  was  the  common  frequency.  About  1889 
or  1890,  Mr.  Stillwell,  in  going  over  the  problem,  saw  that  the 
larger  work  which  was  coming  called  for  a  lower  frequency,  and 
he  was  one  of  the  strongest  advocates  in  adopting  60  cycles  as 
against  133.  A  few  years  later,  in  connection  with  the  Niagara 
Falls  first  large  generating  station,  the  question  of  a  still  lower 
frequency  came  in,  and  Mr.  Stillwell  practically  made  the 
decision  in  favor  of  25  cycles.  At  that  time  it  was  considered 
that  the  development  of  street  railway  work,  and  the  use  of 
synchronous  converters  in  such  work,  was  such  that  it  was 
more  economical  to  use  the  lower  frequency.  He  now  comes 
forward  with  15  cycles  for  heavy  railway  work  on  the  basis 
that  the  field  is  going  to  be  large  enough  to  call  for  a  new  and 
more  suitable  frequency. 

It  seems  to  me  also,  considering  the  total  amount  in- 
volved in  the  electrification  of  the  railroads  of  this  coun- 
try, about  $1,500,000,000,  that  the  problem  is  big  enough 
to  call  for  a  frequency  which  is  best  suited  for  the  work.  The 
question  is  whether  that  should  be  25  cycles  or  something 
lower.  Over  four  years  aj^^o  I  presented  a  paper  before  this 
Institute,  in  which  I  described  the  Washington,  Baltimore  and 
Annapolis  single-phase  railway,  and  the  frequency  given  was 
163  cycles,  a  ratio  of  2  to  3  to  the  standard  frequency  of  25. 
There  were  certain  reasons  for  adopting  that  particular  frequency, 
although  10  per  cent.  hif]:her  or  lower  would  not  have  been  of 
very  great  importance  as  far  as  the  operation  of   the  apparatus 
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was  concerned.  It  was  found  at  the  time  that  there  was  consider- 
able opposition  to  the  use  of  lower  frequency,  principally  because 
most  of  the  projects  presented  involved  existing  power  plants, 
or  it  was  necessary  to  tie  the  new  plant  to  existing  power 
plants.  The  projects  were  also  relatively  small.  Because  of 
commerical  conditions,  we  were  practically  forced  to  begin  at 
25  cycles.  However,  I  still  advocated  the  use  of  lower  frequency 
when  it  came  to  heavier  work,  as  will  be  found  in  my  discussion 
of  single-phase  railway  apparatus  at  the  Institute  meeting  at 
St.  Louis  Exposition  in  September  1904.  At  that  time  I  said 
that  I  considered  the  heavy  railway  electrification  of  sufficient 
importance  to  warrant  the  use  of  a  low  frequency  which  is  most 
suitable  for  such  work,  independently  of  any  frequencies  already 
in  use.     I  still  hold  to  that  opinion. 

The  strongest  reason  which  can  be  given  for  the  lower  fre- 
quency is  the  greater  output  that  can  be  got  from  a  given 
motor.  For  instance,  with  a  first-class  motor,  built  for  25 
cycles,  the  operation  may  be  above  question,  the  machine  may 
bie  considered  perfect  in  every  way ;  but  take  that  same  machine 
and  operate  it  on  15  cycles,  and  the  induction  can  be  raised 
from  25  to  40  per  cent.,  which  means  that  25  to  40  per  cent, 
higher  voltage  can  be  applied  with  the  same  motor-speed,  and 
25  to  40  per  cent,  greater  output  is  obtained  from  the  same 
motor,  or  25  to  40  per  cent,  greater  tractive  effort  can  be  de- 
veloped. That  in  itself  is  a  controlling  feature  in  the  question. 
We  have  verified  it  by  actual  test.  For  instance,  we  have 
taken  a  100-h.p..  25-cycle  motor,  and  obtained  from  it  125  h.p. 
at  15  cycles.  This  motor  has  good  efficiency,  good  power-factor, 
and  good  commutation  on  both  frequencies,  at  the  above 
ratings.  It  is  therefore  not  a  question  whether  the  25-cycle 
motor  will  work,  for  it  will  work  successfully,  but  it  is  a  question 
how  much  more  can  be  got  out  of  it  by  going  to  the  lower  fre- 
quency. It  may  be  questioned  that  if  15  cycles  is  better  than 
25  cycles,  why  is  not  a  still  lower  frequency  recommended? 
The  answer  is  that  at  15  cycles  the  machine  is  practically  sat- 
urated, which  fixes  the  output.  At  still  lower  frequency 
there  would  be  a  gain  in  efficiency  and  power-factor,  but  not 
much  in  output;  and  there  would  be  loss  in  other  things,  such 
as  the  speed  of  turbo-generators  and  weight  of  transformers. 
So  there  is  some  point  at  which  a  compromise  can  be  made ;  and  it 
is  my  opinion,  and  has  been  for  a  long  time,  that  this  compromise 
is  considerably  below  25  cycles  and  should  be  about  15  cycles. 

The  increased  output  to  be  got  from  a  motor  at  the  lower 
frequency  is  of  advantage  principally  in  getting  a  smaller  number 
of  motors  under  a  locomotive  or  car,  which  directly  decreases 
the  cost;  or,  on  a  locomotive,  keeping  the  same  number  of 
motors,  there  is  obtained  a  bigger  output  for  a  given  weight 
of  locomotive.  But  there  are  some  cases  where  not  much  is 
gtdned  by  the  use  of  lower  frequency;  for  instance,  where  it  is 
necessary  to  operate  alternating  current-direct  current  requiring 
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four  motors  in  order  to  obtain  se.ies-parallel  control.  In 
most  cases  we  do  not  get  the  full  gain  from  the  use  of  15  cycles 
for  we  can  not  reduce  the  number  of  motors.  That  is  one  of 
the  conditions  met  in  the  New  Haven  railway  equipment,  for 
the  direct-current  operation  on  the  New  York  end  requires  the 
use  of  four  motors.  There  are  many  cases  where  the  power  is 
purchased  in.  which  it  is  necessary  to  use  the  highe/  frequency. 
Of  course,  the  results  are  obtained  at  a  somewhat  lesser  capacity 
or  at  increased  cost. 

There  is  one  po-nt  Mr.  St'llwell  has  not  touched  on,  and 
that  IS  the  fact  that  the  s*ngle-phase  seiies  motor  can  be  made 
to  operate  on  both  15  and  25  cycles;  for  instance,  a  25-cycle 
motor  will  operate  beautifully  at  15  cycles  and  at  practically  the 
same  speed,  because  the  speed  has  nothing  to  do  with  the 
frequency.  A  15-cycle  motor,  if  well  designed,  will  operate 
on  25  cycles  fairly  well,  at  its  nominal  capacity;  at  a  slightly 
reduced  capacity  it  will  operate  very  well,  so  that  if  a  locomotive 
should  be  equipped  with  transformers  suitable  for  operating  at 
15  cycles,  for  instance,  it  could  operate  on  both  25  or  15 
cycles.  By  taking  a  25-cycle  equipment,  nominally  designed 
for  25  cycles,  and  putting  a  15-cycle  transformer  on  it,  the 
equipment  is  adapted  for  operation  on  both  25  and  15  cycles. 
That  is  important  in  connection  with  the  fact  that  25  cycles 
will  have  to  b^  used  in  a  certain  number  of  cases,  but  in  other 
cases  where  the  generating  conditions  can  be  made  suitable, 
15  cycles  will  work  to  better  advantage. 

Mr.  Stillwell  speaks  of  some  of  the  advantages  of  the  higher 
frequency,  one  of  which  is  the  better  ratio  of  tractive  effort  to 
weight  on  drivers.  We  have  been  making  tests  at  East  Pittsburg 
on  some  electrical  locomotives,  at  both  15  and  25  cycles,  and  it 
is  very  difficult  to  determine  any  difference  in  the  ratio  of 
tractive  effort  to  the  weight  on  the  drivers.  In  some  cases  the 
tests  are  possibly  in  favor  of  15  cycles,  in  others  in  favor  of  25 
cycles;  and  the  difference  is  probably  no  more  than  would  be 
found  in  making  two  consecutive  tests  at  any  one  frequency.  If 
the  motors  are  spring-connected,  or  have  some  flexibility  bet  ween 
the  armature  and  the  driver,  which  is  true  in  most  cases,  especially 
where  they  are  geared,  the  difference  in  the  tendency  to  slip 
practically  disappears. 

In  discussing  this  question  of  15  cycles,  we  are  asked — where 
is  it  in  use?  I  will  call  attention  to  the  fact  that  quite  a  number 
of  European  companies  have  adopted  15  cycles  for  railway 
work.  The  Valtellina,  plant  put  in  by  the  Ganz  Company, 
with  three-phase  motors, uses  15  cycles;  and  I  feel  safe  in  saying 
that  a  great  deal  of  the  success  and  good  operation  of  that 
plant  is  due  to  the  choice  of  this  frequency.  I  think  they  could 
have  made  the  apparatus  a  success  with  25  cycles,  but  it  would 
have  required  much  heavier  equipment,  and  with  poorer  efficiency 
and  power-factor,  especially  at  low  speeds.  The  manufacturers 
recognized  that  15  cycles  gave  better  conditions  with  the  poly- 
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phase  motors,  and  adopted  it  regardless  of  the  fact  that  that 
was  not  a  standard  frequency  in  Europe.  That  system  is  being 
extended  on  the  Italian  roads. 

The  Oerlikon  Company,  of  Switzerland,  has  gone  into  the 
single-phase  work  extensively,  with  15  cycles  as  a  standard. 
The  Siemens-Schuckert  Company,  of  Germany,  is  also  manufac- 
turing series  railway  motors  for  15  cycles.  The  Allgemeine 
Company,  of  Berlin,  is  the  principal  company  which  is  adhering 
to  25  cycles,  and  that  is  largely  due  to  their  type  of  motor. 
They  have  a  so-called  **  series  repulsion  **  motor,  in  which  the 
characteristics  of  the  motor  apparently  show  to  better  advantage 
if  the  frequency  is  not  too  low.  It  is  not  directly  due  to  the 
high  frequency  that  they  get  better  results,  but  to  the  fact  that 
the  motor  should  preferably  run  below  the  nominal  synchronous 
speed,  and  this  condition  is  obtained  to  better  advantage  by 
keeping  up  the  frequency. 

Bion  J.  Arnold:  On  the  morning  of  December  18,  1903, 
when  I  arrived  in  New  York  from  Pittsburg,  where  I  had  been 
examining  Mr.  Lamme's  new  single-phase  motor  and  compli- 
menting him  on  its  work.  I  received  a  telegram  saying  that  the 
single-phase  locomotive  which  I  had  been  developing  for 
three  years  past,  and  which  was  at  that  time  ready  to  make  its 
trial  run,  had  been  destroyed  by  fire.  While  experimental 
runs  had  been  made  some  months  before  with  a  rather  crude 
machine,  I  had  everything  arranged  to  make  the  trial  run  on 
the  first  day  of  January,  1904,  with  a  new  electropneumatic 
motor  which  I  had  developed,  and  by  means  of  which  I  expected 
to  demonstrate  a  single-phase  railway  in  operation.  I  did  not 
then  discover,  nor  have  I  yet  discovered,  the  cause  of  the  fire, 
but  it  burned  up  the  machine.  I  felt  that  unless  the  machine 
were  rebuilt  and  an  attempt  made  to  operate  it.  I  might  be 
misunderstood  by  those  not  familiar  with  the  circumstances. 
I  therefore  rebuilt  the  machine  and  operated  it  on  August  .3, 
1904,  in  time  to  antedate  my  competitor  in  this  country  by 
some  days.  That  experiment  cost  me  about  $50,000,  but 
thanks  to  good  fortune  it  cost  no  other  man  a  dollar. 

I  believe  that  by  this  experiment  I  was  instrumental  in 
advancing  the  state  of  the  art  to  such  an  extent  that  to-day 
two  or  three  of  our  large  railroads  are  being  equipped  with  the 
single-phase  system,  invented  by  others,  to  be  sure,  but  I  be- 
lieve forwarded  by  my  efforts  of  some  four  or  five  years  ago. 
If  my  efforts  have  done  that,  and  I  have  been  instrumental  in 
advancing  the  art,  I  am  glad  I  spent  the  money,  as  I  could  not 
have  spent  it  in  any  better  cause. 

I  shall  not  attempt  to  go  into  a  detailed  analysis  of  the  various 
systems  which  are  involved  in  the  paper,  because  I  think  each 
system  has  its  able  champions.  It  makes  no  great  difference 
to  me  personally  which  system  wins,  so  long  as  we  get  a  system 
of  electric  railroading  in  this  country  that  will  operate  the 
trains  for  less  than  it  now  costs  to  operate  them  by  steam.     I 


108  ELECTRIC  MOTOR  vs.  STEAM  LOCOMOTIVE    [Jan.  25 

had  that  idea  in  mind  in  starting  out  on  the  single-phase  experi- 
ment, because  in  1898  I  was  engaged  in  building  the  Chicago 
and  Milwaukee  electric  railway,  which  I  believe  is  considered 
the  pioneer  synchronous  converter  sub-station  railroad  in  the 
country,  possibly  in  the  world ;  at  any  rate,  the  first  to  be  driven 
by  a  steam  station.  I  took  much  risk  in  that  undertaking, 
risking  my  personal  reputation  and  my  financial  resources,  in 
order  to  demonstrate  the  success  of  that  enterprise.  It  was  a 
success,  and  as  you  know  mdst  of  the  suburban  roads  have 
since  been  built  on  those  lines. 

I  make  no  claim  for  the  invention  of  many  of  the  devices 
which  entered  into  the  systems.  They  were  invented  by  some 
of  the  gentlemen  here  present,  and  by  others,  and  some  had 
just  begun  to  come  into  commercial  use;  namely,  the  syn- 
chronous converter,  which  made  the  system  possible;  but  I 
took  the  risk  of  putting  into  practice  such  a  system,  took  the 
engineering  and  financial  responsibilities,  of  making  it  go.  It 
went.  When  engaged  in  that  work  I  felt  that  that  system  was 
nbt  the  complete  solution  of  the  electric  railway  problem, 
because  the  introduction  of  the  synchronous  converter  sub- 
station necessitated  men  in  the  sub-stations,  and  necessitated 
more  investment  than  I  thought  the  railroad  systems  of  the 
country  could  stand,  if  they  were  to  be  attracted  to  electrical 
operation.  That  started  me  on  the  single-phase  idea,  and  as 
many  of  you  will  recollect,  we  had  various  discussions  on  the 
subject,  and  it  was  stated  by  some  of  those  here  present  who 
are  how  advocating  the  system,  that  it  could  not  be  done.  I 
maintained  it  could  be  done,  and  had  to  be  done,  and  it  cost 
me  much  to  find  that  out.  It  has  been  done  since  by  at  least 
two  companies  in  this  country,  and  two  or  three  abroad,  and 
seems  to  be  coming  quite  rapidly  into  practice  for  steam  railroad 
work. 

I  do  not  agree  entirely  with  the  authors  in  regard  to  standard- 
izing this  apparatus,  as  this  would  shut  out  the  utilization  of 
the  talent  of  the  members  of  this  Institute  and  other  societies 
in  this  country,  and  other  countries,  and  the  prospect  of  develop- 
ing something  that  may  prove  better  than  anything  we  have 
now.  I  am  willing  to  concede,  if  we  are  going  to  use  alternating- 
current  railway  systems,  that  we  should  adopt  •&,  standard 
frequency.  So  far  as  my  investigation  has  gone,  in  conjunction 
with  Mr.  Stillwell  as  a  member  of  the  electric  traction  commission 
of  the  Erie  railroad,  my  leaning  is  toward  the  15-cycle  frequency. 
Although  I  do  not  want  definitely  to  stand  on  that  conclusion 
now,  I  think  it  is  the  frequency  we  will  come  to  on  account  of 
the  fact  that  to  get  the  requisite  amount  of  capacity  between 
the  wheels  of  a  railroad-car  truck,  the  gauge  being  Umited,  it  is 
necessary  to  get  as  much  power  in  the  space  as  possible.  This 
can  be  done  by  adopting  15-cycle  motors,  as  these  motors  are 
more  powerful  than  25-cycle  motors  of  equal  size.  It  makes 
the  total  weight  of  the  locomotive  or  car  practically  the  same 
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as  at  26  cycles,  as  it  increases  the  size  of  the  transformer.  Even 
then  we  do  not  get  as  much  power  on  the  wheels  with  the  alternat- 
ing-current motor  as  with  the  direct-current  motor. 

I  personally  believe  that  some  form  of  high-potential  over- 
head conductor  is  going  to  be  the  final  solution  of  the  railroad 
electrification  problem.  I  believe  in  the  third-rail,  where  it  is 
applicable,  but  I  do  not  believe  there  are  many  places  where  it 
is  applicable;  in  other  words,  I  think  that  legislation  in  this 
country  will  prohibit  the  use  of  the  third-rail  in  exposed  places. 
There  are  certain  types  of  third-rail  which  have  recently  been 
adopted,  which  I  believe  are  safer  than  previous  third-rails; 
I  refer  to  the  rail  that  was  devised  by  Messrs.  Wilgus  and  Sprague 
and  used  in  the  New  York  Central  installation — ^but  I  do  not 
think  that  the  use  of  the  third-rail  in  yards,  and  under  the  feet 
of  men,  and  in  other  exposed  places,  will  be  accepted  as  the  final 
solution  of  the  problem.  In  the  analysis  of  the  Grand  Trunk 
problem,  which  I  have  in  charge  so  far  as  the  engineering 
decisions  are  concerned,  I  chose  the  alternating-current  system, 
overhead  conductor,  for  tunnel  work  principally,  for  the  reason 
that  in  the  large  yards  at  each  end  of  the  tunnel,  where  much 
switching  is  done,  it  seemed  essential  that  the  conductor  be 
kept  from  under  the  feet  of  the  men.  The  decision  to  use  the 
single-phase  motor  was  made  some  five  months  prior  to  the 
decision  by  the  officials  of  the  New  Haven  Company  to  adopt 
the  alternating-current  system  on  their  road.  The  officials  of 
the  Grand  Trunk  did  not  publish  their  decision,  as  certain  mat- 
ters had  to  go  abroad  for  approval  by  the  English  officials  before 
the  matter  could  be  publicly  announced,  but  there  are  men  in 
this  room  who  know  that  the  decision  was  made  at  that  time. 

W.  B.  Potter:  I  heartily  endorse  the  recommendation  of  the 
authors  of  this  paper  as  to  the  desirability  of  making  an  effort 
toward  standardizing  the  essential  principles  which  are 
involved  in  the  determination  of  electric  railroad  problems. 
To  this  general  proposition  may  well  be  added  the  plea  for  a 
uniformity  of  dimension  for  such  parts  of  the  equipment  or 
general  system  as  might  reasonably  be  made  interchangeable. 

Considering  the  matter  of  standardization  in  its  broader 
aspect,  there  does  not  appear  to  be  any  one  general  system  of 
electrification,  in  the  present  state  of  the  art,  which  engineers 
would  be  willing  or  ought  to  accept  as  the  standard.  For  the 
ordinary  city  or  interurban  trolley  lines,  600  volts  direct  current 
is  to-day  recognized  as  a  standard.  For  other  classes  of  work, 
particularly  over  iong-distance  lines  with  relatively  infrequent 
headway,  both  the  single-phase  alternating  and  the  high-voltage 
direct-current  systems  possess  advantages.  The  fundamental 
reasons,  however,  which  have  lead  to  the  consideration  of  a 
higher  voltage  trolley  may  also  apply  to  limit  the  application  of 
the  high-voltage  trolley  under  conditions  which  can  be  more 
economically  met  by  600-volt  apparatus.  However  much  we 
may  desire  to  limit  the  number  of  standard  systems  we  must 
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still  recognize  that  the  element  of  cost,  considered  broadly,  is 
often  the  determining  factor  to  be  reckoned  with.  A  railroad 
company  could  hardly  be  expected  to  consider  favorably  any 
particular  system  simply  because  of  general  reasons,  if  the 
installation  of  this  system  involved  any  considerable  additional 
expenditure  on  their  part. 

The  matter  under  discussion  this  evening,  however,  relates 
more  particularly  to  the  consideration  of  the  single-phase 
alternating  system  than  a  discussion  of  the  general  subject. 
Of  all  the  apparatus  used  in  the  electrification  of  a  railroad,  the 
motor  is  in  particular  that  part  of  the  equipment  which  is 
limited  in  dimension  by  the  height  of  the  car-body,  the  clearance 
over  the  rails,  the  width  between  wheels,  and  the  wheel-base 
of  the  trucks.  By  reason  of  these  limitations,  and  considering 
further  the  proportion  of  cost  which  the  motors  bear  to  the 
general  expense  of  electrification,  any  condition  which  diminishes 
the  capacity  of  a  motor  of  given  size  may  very  well  become 
subordinate  to  the  motors  themselves. 

The  output  of  a  single-phase  motor,  particularly  its  tractive 
power  in  the  larger  sizes,  may  be  limited  by  the  permissible 
commutation,  and  as  commutation  is  improved  with  reduced 
frequency  the  suggestion  of  15  cycles  instead  of  25  cycles  is 
worthy  of  serious  consideration.  The  field  of  application  for 
the  single-phase  motor,  particularly  in  the  larger  sizes  which 
are  required  for  locomotives  and  heavy  railroad  operation, 
will  unquestionably  be  greater  if  the  motors  are  operated  at  a 
lower  frequency  than  25  cycles. 

Compared  with  a  direct-current  motor,  a  25-cycle  motor  of 
corresponding  service  capacity  would  weigh  approximately 
25%  more;  while  at  15  cycles,  the  single-phase  motor  would 
weigh  probably  not  more  than  10%  in  excess  of  the  direct- 
current  motor.  The  efficiency  and  power-factor  of  the  single- 
phase  motor  on  either  25  or  15  cycles  would  be  approximately 
the  same.  While  the  motors  and  the  reactance  of  line  and 
track  are  benefited  by  a  lower  frequency,  there  is  the  increased 
cost  of  the  generators  and  transformers  to  be  taken  into  account. 

Messrs.  Still  well  and  Lamme  have  both  spojcen  of  the  effect 
of  a  lower  frequency  upon  the  maximum  available  tractive 
effort.  You  will  appreciate  that  owing  to  the  characteristics 
of  an  alternating  current,  the  average  tractive  effort  of  the 
single-phase  motor  is  approximately  50 ^^  of  the  maximum  at 
the  top  of  the  current  wave,  and  with  a  motor  rigidly  mounted 
the  wheels  would  begin  to  slip  at  about  one  half  the  tractive 
effort  which  would  be  given  by  a  direct-current  motor  under 
the  same  conditions  of  track  and  weight  on  drivers.  With 
the  motor  mounted  on  springs  in  the  usual  manner,  there  is 
introduced  some  degree  of  flexibility,  and  the  impulse  due  to 
the  top  of  the  wave  is  absorbed  by  the  springs  so  that  the  average 
torque  is  considerably  higher  than  the  theoretical  50%. 
Under  similar  conditions  of  track,  with  equal  weight  on  drivers 
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and  the  same  method  of  mounting,  tests  have  been  made  which 
indicate  that  in  comparison  with  the  same  motor  on  direct 
current,  the  maximum  available  tractive  effort  at  25  cycles  is 
from  80%  to  90%,  and  on  15  cycles  from  70%  to  80%.  The 
maximum  available  tractive  effort  is  not  generally  important 
except  in  locomotive  operation  where  the  maximum  diaw-bar 
pull  is  in  a  sense  the  measure  of  the  locomotive's  value  for 
starting  a  train,  and  during  acceleration.  On  motor  cars  there 
is  usually  an  excess  of  weight  on  the  drivers  over  that  required 
for  acceleration,  so  that  the  maximum  tractive  effort  is  a  matter 
of  less  importance. 

It  is,  incidentally,  an  interesting  fact  that  after  the  wheels 
have  commenced  slipping  the  direct-current  motor  shows  a 
much  greater  reduction  in  tractive  effort  than  the  single-phase 
motor.  The  torque  being  maintained  uniformly  with  a  direct- 
current  motor,  the  wheels  rotate  rapidly,  reducing  the  coefficient 
of  friction  with  the  rail  to  something  like  20%  or  30%  of  the 
maximum  adhesion.  With  the  alternating-current  motor, 
both  on  25  and  15  cycles,  although  the  initial  slip  is  at  a  lower 
maximum,  the  draw-bar  pull  is  only  reduced  to  80%  or  90% 
of  the  maximum  adhesion.  This  appears  to  be  due  to  the 
fluctuating  character  of  the  torque,  which  at  its  minimum  allows 
the  wheel  to  secure  a  slight  grip  on  the  rail  after  the  wheel  begins 
to  slip.  When  the  wheel  is  slipping  its  rotation  is  not  uniform 
but  fluctuates,  corresponding  with  the  frequency.  While  of 
interest,  this  higher  tractive  effort,  after  the  wheels  commence 
to  slip,  is  of  little  practical  value. 

Mr.  Sprague  has  referred  to  higher  voltage  direct-current 
motors.  With  respect  to  motors  suitable  for  operation  on 
higher  voltage  direct  current  and  also  on  600  volts,  I  would 
mention  the  marked  improvement  in  the  motor  that  has  been 
obtained  by  the  addition  of  a  commutating  pole.  As  an  illustra- 
tion, a  motor  having  commutating  poles  and  designed  for  opera- 
tion on  600  volts,  can  be  run  at  full  load  on  1000  volts  so  far  as 
commutation  is  concerned,  and  further,  such  a  motor,  when  the 
current  is  momentarily  interrupted  or  there  is  a  momentary 
rise  in  voltage,  will  not  flash  over,  as  sometimes  happens  with 
motors  not  having  commutating  poles.  A  commutating-pole 
motor  designed  for  1200  volts  and  operated  at  that  potential 
would  be  superior  to  the  ordinary  600- volt  motor,  both  with 
respect  to  commutation  and  liability  to  flash  over.  I  feel 
that  the  addition  of  the  commutating  pole  to  the  direct-current 
railway  motor,  in  its  effect  on  commutation,  is  comparable  to 
the  improvement  made  by  the  substitution  of  the  carbon 
brush  in  place  of  the  copper  brush.  The  carbon  brush  reduced 
the  sparking  and  flashing  to  a  permissible  degree,  and  the 
commutating  pole  by  neutralizing  the  cause  has  finally  eliminated 
defective  commutation. 

A  word  with  regard  to  the  much  maligned  third-rail.  I 
feel  that  there  is  much  to  be  said  in  its  favor.    We  have  not 
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as  yet  had  an  equal  opportunity  to  pass  judgment  on  the  heavy 
overhead  construction,  and  I  would  suggest  that  we  await 
developments  before  expressing  our  opinion  too  positively 
with  regard  to  either  system  of  conductors.  Both  the  third- 
rail  and  the  overhead  conductor  have  a  proper  field  in  heavy 
railroad  application;  they  should  be  so  regarded,  and  neither 
of  them  condemned  in  the  light  of  our  present  knowledge. 

W.  S.  Murray:  During  the  year  and  a  half  that  I  have  been 
associated  with  the  New  Haven  road  I  have  been  able  to  make 
some  rather  interesting  experiments  -with  steam  locomotives, 
of  the  freight  and  passenger  types.  I  thought  they  might  be 
of  interest,  particularly  in  view  of  Mr.  Stillweirs  reference  to 
Item  12  of  the  paper,  which  relates  to  *'  Repairs  and  Renewals 
of  Locomotives."  I  understand  that  this  item,  for  the  Valtellina 
line,  represents  a  figure  of  1.8  cents  per  locomotive-mile.  That 
is  a  figure  I  have  been  very  anxious,  indeed,  to  obtain.  I  have 
here  some  accurate  figures  on  the  cost  of  steam  locomotive 
repairs  extending  over  a  period  of  exactly  one  year,  in  which 
ten  freight  and  ten  passenger  engines  were  involved.  I  think 
you  will  all  be  surprised  to  note  what  these  figures  are.  I  have 
divided  the  cost  of  repairs  into  two  parts;  one  on  the  basis  of 
maintenance,  the  other  for  purely  mechanical  or  shop  repairs, 
each  including  labor  and  material.  I  have  included  in  the 
maintenance  the  following  heads:  Cost  of  oil  and  waste,  flues 
cleaned,  ash-pan  and  grates  cleaned,  engines  wiped,  engines 
turned,  engines  fired,  boilers  washed,  and  the  cost  of  sand. 
Of  course,  some'  of  these  figures  will  be  matched  in  electric 
operation,  but  to  get  the  actual  figure  I  have  included  them  all. 

The  record  is  as  follows : 

For  passenger  locomotives:  maintenance  $0.0172;  shop  re- 
pairs $0.0388;  total  repairs  per  locomotive-mile  $0,056. 

For  freight  locomotives:  maintenance  $0.0142;  shop  repairs 
$0.0668;  total  repairs  per  locomotive-mile  $0,081.  I  believe 
that  these  figures  give  a  definite  idea  of  the  saving  to  be 
effected  by  the  electric  method  of  train  propulsion. 

I  think  the  most  interesting  featuie  of  the  paper  is  in  regard 
to  the  matter  of  standardization.  I  hardly  think  the  Interstate 
Commerce  Commission  reports  are  a  fair  basis  to  be  a  determining 
factor  in  the  establishment  of  a  standard  frequency.  The 
Interstate  Commerce  Commission  report  includes  all  the  trans- 
continental lines,  and  there  is  no  doubt  that  those  lines  which 
have  been  unassailed  yet  by  electricity  could  be  electrified  a 
great  deal  cheaper  with  low-frequency  than  with  high-frequency 
apparatus,  but  I  do  not  think  that  this  fact  should  influence  us. 
I  think  it  is  a  misleading  factor.  We  must  not  forget  that  the 
electrification  of  steam  railways  we  are  going  to  consider  for 
the  present  are  to  be  intimately  connected  with  25-cycle  plants 
now  in  operation.  It  is  possible  that  all  of  us  may  see  a  trans- 
continental road  electrified,  but  I  do  not  think  that  that  ought 
to  influence  us  in  the  determination  of  a  standard  frequency. 
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What  **  may  be  "  should  not  decide  this  question  but  **  what  is." 
I  think  we  should  remember  the  fixed  charges  associated  with 
25-cycle  plants  that  have  not  been  taken  into  account  in  this 
report,  and  that  the  new  frequency  universally  applied  would 
make  it  necessary  to  re-equip  all  these  plants  operated  upon 
what  may  now  be  termed  a  standard  frequency ;  namely,  25 cycles. 

I  believe  that  for  power  transniission  purposes  we  will  all 
agree  that  25  cycles  has  nearly  occupied  the  position  of  a 
standard  frequency.  Now  then,  the  fixed  charges  of  the  pro- 
perties operated  upon  a  25-cycle  frequency  can  later  be  taken 
care  of  by  a  properly  provided  depreciation  figure  or  sinking- 
fund,  and  at  the  expiration  of  the  depreciation  periods  we  can 
avail  ourselves  of  the  greater  data  to  decide  which  should  be 
the  standard  frequency.  The  gradual  interchange  of  the  two 
frequencies  can  then  be  effected  without  hindrance  to  operation. 

I  have  not  time  here  to  go  into  the  details  of  this  change,  but 
I  am  sure  all  of  us  are  agreed  that  this  can  be  done.  I  am  in 
favor  of  having  more  data  and  in  letting  the  future  considera- 
tion of  the  new  data,  in  connection  with  the  old,  decide  the 
proper  standard  frequency 

O.  S.  Lyford  Jr.:  This  paper  is  a  prophecy.  It  is  interesting 
to  note  that  the  fulfilment  of  the  prophecy  has  already  begun 
One  of  the  oldest  railroads  in  the  country  has  proved  itself  the 
most  progressive  and  has  during  this  present  week  put  into 
commercial  service  an  electric  traction  system  which  embodies 
most  of  the  features  which  the  authors  have  assumed  as  probable 
characteristics  of  the  standard  of  the  future.  Two  other  roads  re- 
ferred to  in  the  paper  have  made  a  start  in  the  direction  proposed, 
but  the  Erie  was  the  first  to  arrive.  On  January  22  the  Erie 
Railroad  ran  its  first  electric  train  into  Rochester. 

The  essential  features  of  the  Erie  equipment  are  as  follows: 

Single-phase  railway  motors. 

Multiple-unit  control. 

Pantagraph  trolley. 

Trolley  wire  supported  with  steel  catenary  construction  at  a 
height  of  22  feet,  except  under  bridges. 

Trolley  voltage.   11,000. 

One  sub-station  feeding  34  miles  of  track. 

Power  received  from  a  power  station  90  miles  away  over  a 
60 ,000- volt  transmission  line. 

The  conditions  are  in  many  ways  almost  identical  with  the 
assumptions  made  by  the  authors. 

I  may  say  that  the  operation  of  the  entire  equipment  was 
perfect  and  fully  demonstrated  the  sufficiency  and  general 
practicability  of  the  system.  On  the  return  trip  the  Vice- 
president's  private  car  was  hauled  as  a  trailer,  resulting  in  a 
total  weight  of  train  22  per  cent,  heavier  than  that  for  which 
the  motors  were  designed.  This  was  on  icy,  slippery  rails. 

The  impression  given  by  the  overhead  catenary  construction 
is  that  it  is  the  adequate  thing  for  heavy  railroading.    An 
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11, 000- volt  trolley  wire  so  supported  is  a  safe  proposition. 
The  11,000-volt  wires  on  the  car  are  s:  j  short  and  so  well  guarded 
that  they  are  not  a  source  of  increased  danger,  and  all  the  other 
wires,  housed  in  the  usual  way,  and  operated  at  only  one-half 
the  usual  voltage,  are  unusually  safe. 

The  system  in  this  case  is  necessarily  operated  at  25  cycles, 
as  the  power  comes  from  one  of  the  Niagara  Falls  plants  which 
are  all  built  for  25  cycles.  The  advantage  of  the  lower  frequency 
is  apparent,  however.  Trucks  of  unusual  size  are  entirely 
tilled  with  100-h.p.  motors.  At  15  cycles,  motors  of  150  h.p. 
capacity  could  be  used  on  the  same  trucks. 

Referring  to  that  part  of  the  paper  which  relates  to  compara- 
tive costs  of  operation,  more  emphasis  should  be  placed  on 
the  tabular  matter  and  the  deductions  made  therefrom.  The 
one  question  is :  can  steam  railroads  be  operated  more  economi- 
cally by  electricity?  The  three  items  which  I  presume  will 
be  most  questioned  are  Items  12,  '*  Repairs  and  Renewals  of 
Locomotives;'*  Item  21,  **  Engine  and  Roundhouse  Men;"  and 
Item  22,  **  Fuel  for  Locomotives,'*  or,  in  the  case  of  the  electric 
work,  the  cost  of  power  delivered  to  the  locomotive.  I  do  not 
propose  to  discuss  these  different  items  in  detail,  but  I  would 
like  to  point  out  the  fact  that  they  might  even  be  doubled,  and 
still  the  electrical  operation  would  not  cost  more  than  steam. 
Those  of  us  who  have  had  occasion  to  study  different  specific 
problems  have  found  that  the  adoption  of  electric  traction, 
particularly  if  a  high- voltage  trolley  is  used,  will  not  mean  an 
operating  cost  greater  than  the  cost  of  steam,  and  in  many 
cases  the  saving  is  considerable.  In  other  words,  specific  cases 
which  have  been  investigated,  as  well  as  this  study  of  the 
problem  as  a  whole,  show  that  electric  traction  is  commercially 
practicable  for  such  lines  as  can  provide  for  the  initial  invest- 
ment. Furthermore,  the  advantages  to  be  gained  by  electric 
traction,  due  to  increased  facility  of  operation  and  increased 
loads  which  can  be  carried,  have  not  been  capitalized  in  this 
paper. 

The  trunk  lines  of  the  country  are  confronted  with  the  prob- 
lem of  more  capacity,  as  has  recently  been  strongly  emphasized 
by  Mr.  J.  J.  Hill.  There  is  no  doubt  but  that  more  traffic  can 
be  handled  with  electric  than  with  steam  locomotives,  and,  at 
equal  cost  per  locomotive-mile  electric  traction  can  be  adopted 
to  great  advantage  b}'  the  railroads  of  this  country.  On  such 
an  occasion  as  this  we  should  place  emphasis  on  this  one  im- 
portant fact  and  not  get  into  too  much  discussion  of  details. 

C.L.  de  Muralt:  Mr.  Stilhvell  and  Mr.  Putnam  have  covered 
the  questions  of  comparative  enerc^y  consumption  and  compara- 
tive operating  costs  so  ably  and  so  fully  that  there  is  not  much 
room  left  for  discussion  on  these  p(nnts.  But  on  the  subject  of 
comparative  speed  and  power  characteristics  of  the  various 
types  of  locomotives  I  believe  I  am  in  a  position  to  add  a  few 
figures  which  may  be  of  some  interest  to  you.      I  have  had 
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occasion  to  make  an  investigation  into  the  hauling  capacities 
of  certain  locomotives  when  operating  under  heavy  load  con- 
ditions. The  diagrams  compiled  during  this  investigation 
showed  so  strikingly  the  superiority  of  the  electric  locomotives 
over  their  steam  competitors,  and,  incidentally,  also  the  great 
superiority  of  the  three-phase  atemating-current  locomotives 
over  any  other  type  of  electric  locomotive,  that  I  thought  it 
worth  while  to  elaborate  the  results  somewhat  to  present  them 
for  your  consideration. 

To  make  the  comparison  as  broad  as  possible  I  have  taken 
what  I  thought  to  be  the  most  representative  locomotives  of 
their  respective  classes:  the  latest  direct-current  locomotives  of 
the  New  York  Central  and  Hudson  River  Railroad,  the  single-phase 
alternating-current  locomotive  of  the  New  York,  New  Haven 
and  Hartford  Railroad,  and  a  European  three-phase  alternating- 
current  locomotive  of  the  type  used  by  the  Italian  State  Railways. 
And  with  these  I  have  compared  a  Pacific,  an  Atlantic,  and  a 
Consolidation  type  steam  locomotive  of  recent  American  Loco- 
motive Company's  design — ^all  the  steam  locomotives  being 
chosen  with  reference  to  possessing  the  greatest  possible  power; 
that  is,  the  greatest  feasible  heating  surface,  consistent  with 
their  weight  on  drivers. 

Detailed  descriptions  of  the  mechanical  and  electrical  features 
of  the  New  York  Central  direct-current  locomotive  have  ap- 
peared in  the  technical  press^  So  I  will  simply  repeat  here 
some  characteristic  figures  required  for  the  comparison: 

Total  weight,  95  tons. 

Weight  on  drivers,  68  tons. 

Nominal  rated  horse  power,  2200. 

Maximum  horse  power,  3000. 

Maximum  tractive  effort  at  starting,  34,000  lb. 

Three  main  running  speeds: 

a.  Four  motors  in  series. 

b.  Two  groups  in  parallel,  each  of  two  motors  in  series. 

c.  Four  motors  in  parallel. 

Normal  operating  pressure  of  motors,  600  volts. 
On  the  New  York,  New  Haven  and   Hartford  single-phase 
alternating-current    locomotive,  complete   data    were  published 
last  year',  and  I  merely  extract  the  following  figures: 
Total  weight,  85  tons. 
Weight  on  drivers,  85  tons. 
Nominal  rated  horse  power,  1000. 
Horse  power  in  continuous  running,  SOO. 
Maximum  tractive  effort  at  starting,  42,500  lb. 
Speed  controlled  by  voltage  variation,  motors  permanently 
connected    two    in    series,    two    in    parallel,    numerous 
speed  steps. 
Normal  operating  pressure  of  motors,  235  vr^lts. 

1.  Street  Railway  Journal,  November  19,  1904. 

2.  Street  Railway  Journal,  April  14,  1906. 
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The  three-phase  alternating-current  locomotive  has  four 
driving  axles  and  three  motors  suspended  between  them,  and 
the  locomotive  possesses  the  following  characteristics: 

Total  weight,  95  tons. 

Weight  on  drivers,  95  tons. 

Nominal  rated  horse  power,  2250. 

Maximum  horse  power,  about  six  times  nominal  full  load 
rating. 

Maximum  tractive  effort  at  starting,  47,500  lb. 

Three  main  running  speeds : 

a.  Three  motors  in  cascade  connection. 

b.  Two  motors  in  cascade  connection. 

c.  Two  motors  in  parallel. 

Normal  operating  pressure  of  motors,  3000  volts. 
A  locomotive  of  exactly  the  same  type,  but  slightly  lighter, 
has  the  following  typical  dimensions : 
Total  weight  85  tons. 
Weight  on  drivers,  85  tons. 
Nominal  rated  horse  power,  2000. 
I  refer  to  the  heavier  locomotive  as  type  A,  and  the  lighter  one 
as  type  B. 

Descriptions  of  the  three  steam  locomotives  will  be  found  in 
the  American  Locomotive  Company's  publication.  The  princi- 
pal features  of  the  Pacific  type  locomotive  (No.  1212,  of  the 
Southern  Railway)  are  as  follows: 

Total  weight  including  tender,  175     tons. 

Total  weight  of  engine  alone,  109         " 

Weight  on  drivers,  67 

Cylinder  diameter,  22     inches. 

Stroke  of  piston,  28        ** 

Diameter  of  drivers,  72.5     " 

Total  heating  surface,  :^S95     sq.  ft. 

Maximum  sustained  horse  power,  1640 

Maximum  tractive  effort  at  starti*:g,         33,500  lb. 
The  Atlantic  type  of  locomotive  (No.  3000.  of  the  New  York 
Central  and  Hudson  River  Railroad)  has  the  following  charac- 
teristics: 

Total  weight  including  tender,  161  tons. 

Total  weight  engine  alone,  100     *' 

Weight  on  drivers,  55     " 

Cylinder  diameters.  15 J  and     25     in. 

Stroke  of  piston,  26 

Diameter  of  drivers,  79      '* 

Total  heating  surface,  3445  sq.  ft. 

Maximum  sustained  horse  power,  1360 

Maximum  tractive  efTort  at  starting,        27,500  lb. 
And,   the   Consolidation   type   locomotive    (No.    221,   of   the 
Delaware  and   Hudson   Railway)   may  be  briefly  described  as 
follows : 
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Total  weight  including  tender,  164      tons. 

Total  weight  engine  alone,  96.5     " 

Weight  on  drivers,  85 

Cylinder  diameter,  21        in. 

Stroke  of  piston,  30 

Diameter  of  drivers,  57        ** 

Total  heating  surface,  3408      sq.  ft. 

Maximum  sustained  horse  power,  1020 

Maximum  tractive  effort  at  starting,        42  500      lb. 
All  of  these  locomotives  have  a  maximum  speed  of  about  70 
miles  per  hour  except  the  Consolidation,  the  maximum  speed 
of  which  is  about  40  to  45  miles  per  hour. 

The  running  characteristics,  expressed  in  the  shape  of  tractive 
effort,  speed  curves,  of  all  of  these  locomotives  are  indicated  in 
Fig.  1. 

All  of  these  curves  start  at  a  point  corresponding  to  the 
maximum  tractive  effort  which  is  obtainable  by  the  full  use  of 
the  adhesive  weight  of  the  locomotive,  just  below  the  point 
where  the  wheels  begin  to  slip.  This  maximum  tractive  effort, 
dependent  only  on  the  adhesive  weight,  can  for  each  locomotive 
be  counted  upon  up  to  a  certain  well  determined  speed.  Beyond 
that  point,  clearly  shown  in  the  curves,  the  maximum  tractive 
effort  is  independent  of  the  adhesive  weight  and  dependent  on 
the  maximum  power  which  the  locomotive  can  develop.  And 
it  is  from  this  point  that  the  various  locomotives  show  marked 
differences  in  behavior. 

The  horse  power  which  a  steam  locomotive  can  develop  is 
determined  by  the  amount  of  water  which  the  boiler  can  evapor- 
ate and  the  economy  of  the  cylinders.  If  W  represents  the  pounds 
of  water  evaporated  into  steam  per  hour  at  the  given  pressure, 
and  N  the  water  rate  of  the  cylinders  in  pounds  of  steam  per 
indicated  horse  power  hour,  then  the  maximum  indicated  or 

W 
cylinder  horse  power  in  this  part  of  the  curve  is  ^r-     Tests 

conducted  under  the  auspices  of  the  Pennsylvania  Railroad  at 
the  Louisiana  Purchase  Exposition  in  1904,  showed  that  the 
evaporation  per  square  foot  of  heating  surface  per  hour  for 
different  types  of  locomotives  varied  between  8  and  16  pounds, 
also  that  the  steam  consumption  of  the  cylinders  averages 
23.7  to  29  pounds  per  indicated  horse  power-hour.  The  largest 
Consolidation  locomotive  built,  with  100  tons  on  drivers,  has 
about  4000  square  feet  of  heating  surface;  the  largest  Pacific 
locomotive,  with  67  tons  on  drivers,  about  3900  square  feet; 
and  the  largest  Atlantic,  with  57.5  tons  on  drivers,  about  3600 
square  feet.  The  average  evaporation  and  the  average  economy 
under  service,  not  test,  conditions,  is  approximately  12  pounds 
per  square  foot  of  heating  surface  per  hour,  and  27  pounds 
per  indicated  horse  power-hour,  respectively.  For  one  horse 
power  developed  in  the  cylinders  there  must  thus  be  2.25  square 
feet  of  heating  surface  in  the  boiler,  or: 
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Cylinder  horse  power  «  0.43  X  heating  surface  in  square  feet 

and: 

-,      ^.         ^  _^  375   X   cylinder  horse  power       .  .  ^.       , 

Tractive  effort    =     — — ^.- — ., ir fnctional 

speed  in  miles  per  hour, 

tractive  effort « 
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The  machine  efficiency  varies  in  different  types,  over  the 
range  of  speeds,  from  about  74%  to  93%.  The  mean  effective 
pressure  corresponding  to  frictional  loss  is  very  nearly  constant 
for  all  speeds  and  cut-offs,  and  averages  3.8  pounds  per  square 
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inch.     The  maximum  tractive  effort,  therefore,  is  given  by  the 

relation: 

n^      J.-         IT  ^       161  X  heating  surface  in  sq.  ft.        3.8  (P  L 

Tractive  effort  «  t-. — ^i ^ — ~ Fi — 

speed  m  miles  per  hour.  D 

where  d  is  diameter  of  cylinder  in  inches,  L  the  length  of  stroke 

in  feet,  and  D  the  diameter  of  driver  in  feet.     This  formula, 

developed  by   Professor   Goss/   for  .  simple  engines,  lias    been 

found  to  corroborate  actual  tests  with  exceedingly  good  accuracy. 

The  majority  of  the  curve  sheets  in  the  Pennsylvania  tests 

referred  to,  show  the  calculated  and  test  curves  in  practical 

coincidence.     The    curve   of   the   Atlantic   type,    four-cylinder 

balanced  compound  locomotives.  No.  3000  of  the  New  York 

Central   and    Hudson    River   Railroad,   was   plotted   from   an 

actual  test  made  at  St.  Louis. 

The  curve  obtained  from  the  above  equation  represents  the 
normal  continuous  output  of  the  steam  locomotive.  This 
continuous  output  is  practically  the  maximum  output,  since 
the  overload  capacity  of  the  steam  locomotive  is  limited  to 
perhaps  25%  for  periods  not  exceeding  5  minutes,  on  account 
of  the  impossibility  of  forcing  the  boiler  above  its  normal  capacity 
for  extended  periods. 

Electric  locomotives,  on  the  contrary,  can  sustain  overloads 
of  considerably  greater  magnitude  for  much  longer  periods  of 
time,  without  any  difficulty. 

The  curves  of  the  direct-current  and  the  single-phase  alternat- 
ing-current locomotives  are  very  similar  in  character  to  the  curves 
of  the  steam  locomotives.  These  electric  locomotives  have 
motors,  with  so-called  series  characteristics,  fhat  slow  down 
in  speed  with  any  increase  in  load.  The  direct-current  and 
the  single-phase  electric  locomotives,  in  common  with  the 
steam  locomotive,  will  therefore  reduce  their  speed  when  they 
are  called  upon  to  haul  an  increase  in  load,  either  in  the  shape 
of  a  heavier  train  or  when  running  up-grade. 

This  feature  is  clearly  shown  by  the  curves  in  Fig.  1,  and  it 
is  quite  interesting  to  note  that  the  curves  of  the  steam  and 
electric  locomotives  cross  each  other.  In  other  words,  the  trac- 
tive effort  of  the  direct-current  and  single-phase  alternating 
current  locomotives,  which  is  better  than  that  of  the  steam 
locomotive  at  low  speeds,  actually  drops  off  considerably 
faster  with  increasing  speed,  until  it  is  much  worse  than  that  of 
the  steam  locomotive  at  high  speeds.  In  fact,  if  we  consider 
carefully,  the  curve  of  the  steam  locomotive  is  the  result  of 
practically  constant  power  output,  while  with  the  direct-current 
and  single-phase  alternating-current  locomotive  the  power 
output  as  such  diminishes  together  with  the  tractive  effort. 

But  the  greater  advantage  of  the  electric  locomotive  lies  in 
the  fact  that  it  can  utilize  its  weight  very  much  better  than  can 
the  steam  locomotive ;  and  if  the  actual  values  of  tractive  effort 
taken  from  the  curves  are  compared  with  the  weights  of  the 

^New  England  Railroad  Club.  December.  1901. 
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corresponding  locomotives  it  will  be  found  that  the  direct- 
current  and  the  single-phase  alternating-current  locomotives 
are  capable  at  low  speeds  of  exerting  a  very  much  greater 
tractive  effort  proportional  to  their  weight  than  can  the  steam 
locomotives,  and  even  at  high  speeds  their  proportional  per- 
formance is  better  than  that  of  the  steam  locomotive. 

An  additional,  and  perhaps  even  more  important  advantage 
of  these  electric  locomotives  over  their  steam  competitors,  lies 
in  the  fact  that  the  electric  locomotive  can  readily  respond  to 
almost  any  kind  of  overload  demand.  As  a  matter  of  fact, 
a  prolonged  grade  for  instance,  may  seriously  decrease  the 
usefulness  of  a  given  steam  locomotive,  due  to  the  impossi- 
bility of  forcing  the  latter 's  boiler  for  any  considerable  length 
of  time  above  rated  capacity  ,while  the  electric  locomotive 
will  slow  down,  of  course,  but  will,  with  the  assistance  of  the 
power  house,  carry  great  overloads  for  any  reasonable  length 
of  time. 

The  three-phase  alternating-current  locomotive  not  only 
accomodates  itself  to  such  increased  demands  on  its  hauling 
power,  but  it  does  so  without  any  great  drop  in  speed,  and 
automatically  adjusts  its  power  to  the  demand.  If  at  1500 
horse  power  normal  output  the  motors  of  a  given  three-phase 
locomotive  have  a  2%  slip,  then  at  five  times  the  normal  tractive 
effort  the  slip  will  be  approximately  10%,  and  the  speed  will  drop 
from  68.5  to  63.0  miles  per  hour.  Three-phase  induction 
motors  of  this  size  (750  horse  power)  can  be  built  with  a  maxi- 
mum torque  of  6  to  7  times  full  load-torque  with  very  good 
electric  qualities.  And,  notwithstanding  the  objection  some- 
times urged  that  the  desij^jn  must  be  very  liberal  for  such  service, 
it  remains  a  fact  that  the  three-phase  motor  can  do  what  the 
others  cannot  do,  and  its  intrinsic  lighter  weight  per  horse 
power,  its  higher  efficiency,  its  more  economical  distributed 
winding,  and  the  absence  of  the  commutator,  keep  down  the 
cost  of  the  three-phase  locomotive  within  the  limits  governed 
by  competition. 

It  goes  without  saying  that  this  constant-speed  variable- 
power  characteristic  of  the  three-phase  locomotive  need  not 
necessarily  be  made  use  of  in  cases  where  a  decrease  in  speed 
is  no  serious  objection,  while  it  may  perhaps  be  desired  to 
keep  the  power  within  limits.  In  such  cases  the  three-phase 
locomotive  can  just  as  well  be  run  at  lower  speeds  for  the  heavier 
draw-bar  pulls.#  But  it  may  be  well  to  point  out  here  that  the 
power  required;  for  instance,  for  a  300-ton  train  running  at 
about  70  miles  per  hour  on  a  grade  of  0.335^^,  is  the  same  as 
that  required  to  accelerate  the  same  train  on  the  level  with  an 
initial  acceleration  of  0.56  miles  per  hour  per  second.  Inasmuch 
as  the  system  will  be  designed  for  the  maximum  power  demands 
caused  by  the  heaviest  trains  accelerating,  no  additional  invest- 
ment in  copper  or  machinery  will  be  required  by  this  constant- 
speed,  variable-power  characteristic  of  the  three-phase  locomo- 
tive. 
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Instead  of  saying  that  the  three-phase  locomotive  is  capable 
of  maintaining  practically  constant  speed  under  any  load, 
while  direct-current  and  single-phase  locomotives  will  drop  in 
speed  with  increasing  load,  the  thesis  may  be  reversed  and  the 
equally  true  statement  be  made  that  the  three-phase  locomotive 
is  able  to  develop  a  certain  given  tractive  effort  from  zero 
clear  up  to  practically  maximum  speed,  while  the  tractive 
effort  of  the  direct-current  and  the  single-phase  locomotives 
will  fall  off  seriously  with  increasing  speeds,  and  at  maximum 
speed  is  only  a  fraction  of  what  it  was  at  low  speed.  The  curve  of 
the  direct-current  locomotive  shows,  for  instance,  a  drop  from 
more  than  3000  horse  power  at  36  miles  per  hour  to  only  960 
horse  power  at  60  miles  per  hour,  and  the  curve  of  the  single- 
phase  locomotive  a  drop  from  about  1540  horse  power  at  23 
miles  per  hour  to  only  670  horse  power  at  60  miles  per  hour. 
And  this  is  not  a  question  of  liberal  design,  but  an  inherent 
unalterable  characteristic  of  all  locomotives  using  series  motors. 

These  features  are  brought  out  very  clearly  by  the  curves  of 
Fig.  1,  but  a  few  hypothetical  examples  may  go  to  show  just 
exactly  how  these  characteristics  affect  the  actual  hauling  of 
trains. 

Let  us  take  a  locomotive  capable  of  hauling  a  150-ton  train, 
and  run  it  over  a  given  stretch  in,  say  16  minutes,  by  the  use 
of  a  maximum  running  speed  of  about.  65  miles  per  hour.  Now 
increase  the  train-weight  to  300  tons.  The  three-phase  locomo- 
tive will  haul  the  heavier  train  over  the  given  stretch  as  before, 
in  16  minutes,  but  the  direct-current  locomotive  or  the  single- 
phase  alternating-current  locomotive  will  have  to  drop  in  speed, 
and  will  now  take  18  minutes  to  cover  the  same  distance.  A  loss 
of  over  10%  in  time,  which  loss  increases  with  increasing  load. 

Or  take  a  line  of  track  with  one  or  more  grades.  Hauling  trains 
of  the  same  weight,  the  direct-current  locomotive  and  the  single- 
phase  locomotive  will,  compared  with  the  three-phase  locomotive, 
lose  a  certain  amount  of  time  at  each  grade,  and  their  total 
running  tinie  will,  with  the  same  maximum  speed,  be  necessarily 
considerably  poorer  than  that  of  the  three-phase  locomotive. 

Or,  take  the  actual  curves  of  Fig.  1  and  send  the  locomo- 
tives over  a  level  line  at  an  average  running  speed  of  60  miles 
per  hour,  which  corresponds  to  a  schedule  speed  of  about  50 
miles  per  hour  with  stops  about  15  miles  apart.  We  then  find 
the  maximum  tractive  effort  for  each  locomotive,  and  the  maxi- 
mum trailing  load  which  each  can  haul  (assuming  a  train  resist- 
ance of  17  pounds  per  ton)  to  be  as  follows: 

Maximum  Weight  of  loco-  Trailing 

tractive  effort  motive  and  tender  train  weight 

Single  phase  .     4250  pounds  85  tons  165    tons 

Direct  current     6000       **  95     **  258       " 

Atlantic 9250      /*  161     '*  382       " 

Pacific 9750       •*  175     "  398       '* 

Three-phase        9376       **  96     "  467       ** 
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If  we  investigate  the  maximum  grade  which  each  locomotive 
can  take  with  a  given  train  at  a  given  speed  we  shall  find  the 
same  order  of  things.  It  seems,  therefore,  entirely  fair  to  draw 
the  broad  conclusion  thai  for  its  weight  the  three-phase  loco- 
motive is  by  far  the  most  powerful  hauling  engine  extant. 

To  complete  the  comparison  I  have  plotted  a  few  curves 
Figs.  2,  3,  and  4)  showing  the  relative  accelerations  which  can 
be  obtained  from  the  various  locomotives  above  referred  tu 
and  I  have  endeavored  to  bring  together  for  this  purpose  locomo- 
tives directly  comparable,  as  much  as  possible,  with  reference 
to  their  weight  characteristics.  In  Fig.  2,  I  compare  the  Pacific 
type  steam  locomotive  (109  tons,  67  tons  on  drivers)  with  the 
direct-current  locomotive  (95  tons,  68  tons  on  drivers)  and    the 


80  100         1^ 

SECONDS 

Fig.  2. 


heavier  of  the  two  three-phase  locomotives  (95  tons,  all  on 
drivers).  On  Fig.  3  the  Atlantic  type  (100  tons,  55  tons  on 
drivers),  a  most  powerful  engine  for  its  weight,  is  compared 
with  the  single-phase  locomotive  (S5  tons,  all  on  drivers)  and 
the  lighter  three-phase  locomotive  (S5  tons,  all  on  drivers). 
And  on  Fig.  4  the  Consolidation  (06.5  tons,  85  tons  on  drivers) 
is  compared  with  the  lighter  three-phase  locomotive  (85  tons, 
all  on  drivers).  These  weights  are  sufficiently  close  together 
to  permit  a  fair  comparison,  but  I  may  point  out  that  to  eliminate 
even  these  small  differences  in  weight,  I  have  assumed  that  the 
electric  locomotives  would  use  only  such  portion  of  their  adhesive 
weight  as  corresponds  to  the  adhesive  weight  of  the  steam 
locomotive  compared  with  it. 
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This  being  strictly  a  comparison  of  acceleration  character- 
istics, the  period  of  acceleration  was  assumed  to  extend  to  a 
speed  of  55  miles  per  hour  only,  so  as  not  to  be  unfair  to  those 
locomotives  having  a  very  low  rate^of  acceleration  at  high 
speeds. 

In  Fig.  2  a  six-car  train,  weighing  300  tons  exclusive  of 
locomotive,  was  assumed.  The  steam  locomotive  uses  its  full 
adhesive  weight  up  to  18.4  miles  per  hour,  accelerating  at 
0.653  miles  per  hour  per  second.  From  then  on  the  tractive 
effort  drops  according  to  the  curve  in  Fig.  1,  and  the  rate  of 
acceleration  correspondingly.  A  speed  of  55  miles  per  hour  is 
reached  after  about  200  seconds.     The  direct-current  locomotive 
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accelerates  with  875  amperes  per  motor  constant  input,  2100 
kilowatts  maximum,  up  to  38  miles  per  hour,  from  which 
point  on  it  accelerates  on  the  motor  curve  at  a  constantly 
decreasing  rate,  until  55  miles  per  hour  is  reached,  after  about 
180  seconds.  The  three-phase  locomotive  accelerates  with  a 
constant  input  of  2450  kilovolt-amperes,  2200  kilowatts  maxi- 
mum, with  three  different  rates  of  acceleration  corresponding 
to  the  three  motor  connections,  reaching  55  miles  per  hour 
after  about  130  seconds.  The  energy  consumption  for  the 
direct-current  locomotive  and  the  three-phase  locomotive  is 
the  same  and  equal  to  about  300,000  kilowatt-seconds. 

In  Fig.  3  where  the  train-weight  is  assumed  to  be  200  tons 
exclusive  of  locomotive,  the  steam  locomotive  again  starts  with 
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the  use  of  full  adhesive  weight,  and  although  having  at  first  a 
low  rate  of  acceleration,  it  uses  its  great  capacity  at  higher 
speeds  to  full  advantage,  and  reaches  55  miles  per  hour  after 
about  160  seconds.  The  single-phase  locomotive  and  the 
three-phase  locomotive  start  with  the  same  initial  input  of  2,000 
kilovolt-amperes,  which,  however,  gives  the  three-phase  loco- 
motive a  better  initial  tractive  effort  on  account  of  its  better 
power-factor  and  efficiency.  After  33  miles  per  hour,  the 
single-phase  locomotive  accelerates  on  the  motor  curve  at  a 
constantly  diminishing  rate  of  acceleration  while  the  three-phase 
locomotive  utilizes  the  same  initial  input  up  to  full  speed.  Aspeed 
of  55  miles  per  hour  is  reached  by  the  single-phase  locomotive 
after  about  220  seconds,  and  by  the  three-phase  locomotive 
after  about  115  seconds. 


30 

~1 

25 

TH 

REE 

PHi 

^SE 

^ 

r 

ac20 

/ 

C 

ONS 

OLi 

DAT! 

ON. 







/ 

^ 

^ 

5» 

iS 
iio 

/ 

y^ 

J 

^ 

/^ 

^ 

TRAIN  WEIGHT  EXCLUSIVE  OF  LOCOMOTIVE  1750  TONS 

STARTING  WJTH  FULL  ADHESIQN  WEIGHT 

AVERAGE  ACCELERATION  UP  TO  20  MILES  PER  HR. 

CONSOLIDATION  0.095  MILES  PER  HR.  P6R  SEC. 

THREE-PHASE     0.167      "         '•      "       •«      «« 

/ 

Y 

r. 

/ 

f 

— > 

/ 

u 

z 

L 

) 

4 

0 

8 

u 

IS 

0 

lij 

U 

8 

Fr 

2C 
ECC 

K) 
NDS 

3A 

iO 

a 

10 

32 

0 

ao 

to 

m 

In  Fig.  4  both  the  steam  locomotive  and  the  three-phase 
locomotive  start  with  full  adhesive  weight  and  accelerate  a 
1750- ton  frei^T^ht  train  up  to  20  miles  per  hour  at  the  rate  of 
0.005  and  0.167  miles  per  hour  per  second,  respectively,  reaching 
20  miles  per  hour  after  about  200  seconds  and  about  120  seconds, 
respectively.  By  reducing  the  input  for  the  electric  locomotive 
the  acceleration  period  would  be  lengthened,  but  the  performance 
would  still  excel  that  of  the  steam  locomotive. 

The  three-phase  locomotive  seems,  therefore,  to  be  ahead  of 
its  competitors  also  in  accelerating  qralitics,  which  is  quite 
natural  because  it  is  the  only  one  which  can  utilize  a  constant 
input  up  to  full  runninj:!^  speed.  The  three-phase  locomotive 
is  mathematically  sure  of  reaching  full  speed  after  a  certain 
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predetermined  time.  Locomotives  with  series  characteristics 
will  approach  fuU  speed  so  slowly,  that  they  very  frequently 
do  not  reach  it  at  all  unless  the  distance  between  stops  is  very 
great. 

Conclusion 

The  constantly  increasing  business  on  trunk  and  suburban 
lines  will  have  as  an  inevitable  result — track  congestion.  On 
certain  railroads  trains  a^e  now  so  heavy,  and  run  at  such  high 
speeds,  as  to  tax  the  capacity  of  the  most  powerful  steam 
locomotives  to  the  limit,  and  the  headway  between  trains  is  as 
small  as  permissible.  Here,  then,  electrification  becomes  an 
absolute  necessity  if  the  traffic  capacity  of  the  lines  is  to  be 
increased  without  the  tremendous  expense  of  adding  new 
tracks.  We  have  seen  that  electric  locomotives  are  in  them- 
selves more  powerful  than  steam  locomotives  of  even  weight; 
but  it  is  furthermore  possible  to  couple  two  or  more  electric 
locomotives  together  by  multiple-control  connections,  and  to 
operate  them  for  all  practical  purposes  as  one  locomotive  by 
one  man.  Thus  an  unlimited  amount  of  power  can  be  concen- 
trated in  one  unit  and  traffic  can  be  handled  both  in  increased 
train  weights,  not  limited  by  considerations  of  gradients,  and 
also  at  higher  speeds  than  are  at  present  employed.  That  the 
three-phase  alternating-current  locomotive  is  by  far  the  most 
suitable  engine  for  this  purpose  I  believe  to  have  demonstrated 
above. 

A.  H.  Armstrong:  We  have  listened  to  the  advocates  of  the 
600- volt  and  the  1200- volt  direct-current  systems  and  the 
various  alternating-current  motor  systems,  and  have  learned 
that  each  of  these  types  of  motors  possesses  qualifications  that 
permit  the  construction  of  an  electric  locomotive  much  superior 
to  the  present  steam  locomotive.  It  strikes  me  that  each 
speaker  uses  his  own  individual  method  of  saying  the  same 
thing — that  we  have  in  the  electric  locomotive  a  piece  of  appara- 
tus which  can  accomplish  results  not  possible  with  the  present 
steam  locomotive.  We  have  outgrown  the  days  of  a  machine 
having  an  indicated  output  under  2,000  horse  power,  a  mainten- 
ance charge  of  eight  to  ten  cents  per  locomotive-mile  under  the 
best  conditions  of  level-track  operation,  and  double  this  amount 
when  the  conditions  are  adverse;  and  we  have  at  our  disposal 
a  locomotive  that  gave  a  maintenance  charge  of  less  than  one 
and  one-half  cents  per  locomotive-mile  during  an  endurance 
test  of  50,000  miles,  a  concentrated  output  of  2200  horse  power 
nominal,  and  fifty  per  cent,  increase  for  unlimited  periods  by 
using  forced  ventilation.  I  believe  that  with  the  assets  we  have 
in  the  electric  locomotive,  the  day  has  come  when  we  can 
approach  large  railroad  problems  with  supreme  confidence  of 
winning  out  over  steam  competition.  It  is  not  a  case  of  the 
type  of  apparatus  to  be  used,  nor  is  it  a  question  of  frequency, 
as  each  case  must  be  considered  by  itself  in  order  to  make  the 
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best  individual  showing  for  the  local  conditions  involved.  Ten 
years  from  now  we  will  still  be  disputing  over  the  question  of 
frequency,  alternating-current  or  direct-current  operation,  types 
of  motors,  and  control  to  be  used,  etc.  Looking  back  on  the 
history  of  the  steam  locomotive,  the  same  lack  of  agreement  is 
apparent,  and  even  to-day  there  is  no  standard  type  of  steam 
locomotive  receiving  the  universal  approval  of  engineers  and 
operators. 

It  is  not  necessary  at  the  present  time  to  standardize  electric 
locomotives  or  systems  of  electrical  distribution,  as  we  have  not  yet 
demonstrated  the  be§t  type  of  motor  and  the  apparatus  best 
suited  to  take  care  of  the  needs  of  both  heavy  and  light  electric 
railroading.  No  standardizing  can  be  attempted  without  full 
experimental  and  operating  data,  showing  without  question 
that  a  particular  type  of  apparatus  is  the  survival  of  the 
fittest.  I  regret  that  no  such  full  operating  data  are  in  existence 
to-day;  in  fact,  no  locomotive  of  the  single-phase  alternating- 
current  or  1200  volts  direct-current  type  is  yet  operating  in 
commercial   service. 

The  electric  motor  provides  opportunity  for  doing  something 
that  cannot  be  accomplished  by  steam,  and  this  is  the  reason 
why  it  has  superseded  steam  power  in  the  past  and  will  continue 
to  replace  the  steam  locomotive  in  the  future.  It  is  not  a 
question  of  petty  economies  effected ;  it  is  the  broader  question 
of  increased  facilities,  increased  gross  receipts,  and  increased 
opportunities  for  earning  money  by  means  of  the  electric  motor 
that  makes  it  a  successful  revival  of  the  steam  locomotive.  This 
point  has  been  illustrated  in  the  past  by  the  entire  elimination 
of  the  steam  locomotive  in  urban  and  short-haul  subitrban 
work.  It  is  being  demonstrated  in  the  big  terminal  electrifica- 
tions now  going  on  in  and  around  New  York.  The  managers 
of  our  large  western  roads  are  seriously  considering  the  substitu- 
tion of  electricity  for  steam,  based  solely  upon  the  fact  that 
their  roads  are  in  need  of  a  type  of  locomotive  which  can  surpass 
the  best  performance  of  the  steam  locomotive  as  constructed 
to-day,  or  as  foreseen  in  the  future.  A  steam  locomotive 
having  a  capacity  of  500  tons  trailing  on  a  two  per  cent,  grade 
is  going  to  be  a  thing  of  the  past  as  soon  as  full  appreciation  is 
paid  to  the  fact  that  it  can  be  replaced  by  an  electric  locomotive 
capable  of  hauling  increased  tonnage  at  double  the  speed.  In 
face  of  such  facts  it  is  a  matter  of  detail  consideration  to  discuss 
the  question  of  frequency  and  types  of  motive  power  when  there 
are  not  sufficient  operating  data  and  experience  at  our  disposal 
to  enable  one  type  of  motor  and  one  system  of  distribution  to 
stand  above  all  others  as  possessing  qualifications  demanding 
its  universal  adoption,  and,  hence,  its  standardization. 

N.  W.  Storer:  It  seems  to  me  that  the  whole  question  of  the 
electrification  of  steam  railroads  comes  down  to  one  of  dollars 
and  cents,  and  the  system  that  can  be  operated  and  installed 
for  the  least  money  will  be  the  one  to  be  adopted.     As  may  be 
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seen,  there  are  many  different  ideas  on  the  same  question. 
Many  engineers  are  working  on  designs  of  electric  locomotives 
to  meet  the  many  requirements  which  are  constantly  being 
requested  of  manufacturing  companies.  I  have  worked  over 
them  for  some  time  past,  and  every  time  a  new  proposition 
comes  in,  the  matter  of  frequency,  or  alternating-current  or 
direct-current  operation  must  be  decided.  It  is  a  question 
whether  the  problem  can  be  solved  by  the  simple  direct-current 
system,  which  our  friend,  the  father  of  electricity,  loves  so  well, 
or  whether  we  must  go  to  something  higher  and  nobler  up  with 
our  voltage  and  up  in  the  air  with  our  trolley.  Our  experience 
is  that  the  decision  is  generally  in  favor  of  locomotive  of  the 
single-phase  type.  I  have  considered  the  direct-current  loco- 
motive, and  the  three-phase  locomotive,  prayerfully  and  care- 
fully: but,  it  does  not  seem  to  me  that  either  one  of  these  is  the 
type  of  locomotive  which  will  meet  the  requirements  of  the 
railways  of  this  country.  The  direct-current  locomotive  as  it 
has  been  designed  certainly  will  not  do  it.  In  speed  char  c- 
teristics,  the  single-phase  locomotive  pleases  me  much  better 
than  the  three-phase. 

The  single-phase  locomotive  seems  to  offer  the  greatest 
possibilities.  With  it,  we  can  not  only  operate  up  to  what 
might  be  called  the  normal  speed  of  a  locomotive,  but  far 
beyond  that.  High  speeds  become  simply  a  question  of  apply- 
ing higheR  voltages  from  the  transformer  to  the  terminals  of 
the  motor.  The  same  locomotive  can  be  operated  just  as  well 
at  10,  15,  20,  or  25  per  cent,  above  what  might  be  called  its 
normal  voltage  as  the  direct-current  locomotive  can  be  operated 
at  it  normal  voltage.  The  question  of  commutation  in  the 
single-phase  motor  is  not  so  much  one  of  voltage  as  one  of 
induction  in  the  field,  one  of  current  which  the  motor  is  carrying 
or,  in  other  words,  of  the  tractive  effort  which  it  is  exerting. 

Every  time  a  single-phase  motor  is  designed  for  heavy  work, 
the  question  of  frequency  arises,  and  it  always  works  out  much 
better  for  15  cycles,  for  this  reason:  at  least  30  per  cent,  greater 
output  can  be  got  from  motors  at  15  cycles  than  from  motors 
of  the  same  size  operated  at  25  cycles.  That  means  that  at 
the  limit  there  must  be  30  per  cent,  more  motors  if  the  motor 
is  to  operate  on  25  cycles  than  would  be  needed  on  15  cycles. 
That  not  only  increases  the  cost  of  motors  very  much,  but 
increases  the  cost  of  all  mechanical  parts,  the  motor- trucks 
must  be  heavier  than  trail-trucks — the  entire  equipment  must 
necessarily  be  heavier. 

The  question  of  efficiency  alone  is  bound  to  influence  the 
matter  very  largely.  The  15-cycle  motor  approaches  closely 
the  efficiency  reached  by  the  direct-cun*ent  motor,  and  there  is 
so  little  difference  that  it  can  hardly  be  ".detected.  In  power- 
factor  it  comes  very  close  to  the  direct-current  motor.  It 
is  above  90  per  cent,  throughout  the  entire  range  of  loads  in 
most  sizes — it  is  practically  unity. 
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The  saving  in  cost  of  locomotives  which  might  be  effected  by 
using  15  cycles  instead  of  25  cycles  is  mentioned  in  the  paper, 
and  I  am  bound  to  say  that  the  difference  which  is  shown  is 
entirely  inadequate  to  cover  what  in  our  opinion  it  would  be. 
I  should  say  that  the  difference  would  be  at  least  $5,000,  rather 
than  $1,000.  That  makes  a  difference  which  seems  to  me  to  be 
overwhelmingly  in  favor  of  the  15  cycles;  it  is  due  largely  to  the 
number  of  motors. 

In  regard  to  the  lighting  of  the  cars,  I  believe  that  satisfactory 
lighting  can  be  obtained  with  15  cycles,  by  using  a  low-voltage 
lamp  having  a  heavy  filament.  A  lamp  designed  15  volts, 
to  operate  on  a  15-cycle  circuit,  will  give  just  as  good  light  and 
as  perfect  illumination  as  the  ordinary  incandescent  lamp  on  a 
25-cyle  circuit.  It  will  be  entirely  satisfactory  for  the  lighting 
of  cars.  The  many  other  questions  which  come  up  in  connection 
with  railway  installations  will  of  course  influence  the  choice 
of  frequency  very  largely,  but  as  I  said  in  the  beginning, 
it  is  simply  a  matter  of  dollars  and  cents  that  will  determine 
whether  15  cycles  or  25  cycles  is  going  to  be  adopted  for  railway 
work. 

William  McClellan:  Having  passed  through  the  experience  of 
equipping  some  cars  with  single-phase  motors  and  proper  multiple- 
unit  control  for  11,000  volts,  I  believe  firmly  that  the  solution 
of  the  railroad  problem  is  going  to  be  by  means  of  the'  11,000- 
volt  system.  Perhaps  not  exactly  11,000  volts,  but  a  high- 
voltage  overhead  trolley  with  a  single-phase  motor.'  In  spite 
of  the  fact  that  a  heavier  motor  is  needed  for  the  power  developed ; 
in  spite  of  the  fact  that  the  sub-station  is  separated  into  pieces 
carried  on  the  motor-cars  making  a  large  amount  of  ton-miles  in 
the  course  of  a  year — as  a  whole  the  system  provides  a  better 
solution  for  trunk-line  electrification  than  any  other  in  sight 
at  the  present  time.  This  is  particularly  true  if  engineers  can 
be  brought  to  think  that  15  cycles  is  better  than  25.  I,  for  one. 
after  a  very  careful  examination  of  every  argument,  feel  sure 
that  nothing  stands  in  the  way  of  the  standardizing  of  this 
frequency. 

Although  the  steam  railroads  have  not  standardized  as  to 
details,  they  have  standardized  so  that  they  can  make  necessary 
interchange  of  equipment.  Electrical  engineers  must  do 
such  necessary  standardizing  at  once.  Unless  this  standardizing 
is  done  at  once  there  might  result  one  kind  of  trolley  on  this 
road  running  locomotives  of  one  type,  and  another  type  on 
that  road;  this  condition  might  not  prove  serious  with  electric 
locomotives,  but  it  cars  cannot  be  exchanged  freely  it  will  be 
impossible  to  electrify  the  railroads  of  the  country,  particularly 
on  the  grand  scale  suggested  in  this  paper.  So,  therefore,  I 
certainly  agree  that  it  would  be  advisable  and  possible  to 
standardize  immediately  certain  features  of  railroad  practice, 
the  height  of  trolley,  the  location  of  the  third-rail,  and  the 
voltage  and  frequency  at  the  trolley  and  third-rail. 
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In  spite  of  the  fact  that  the  two  great  manufacturing  compan- 
ies in  this  country  have  different  systems  of  control,  I  see  no 
reason  why  the  train-line  jumper  should  not  be  standardized  as 
to  position  and  number  of  wires.  That  would  solve  a  great 
many  problems  in  itself,  particularly  if  the  jumper  could  also 
connect  a  heating  and  lighting  bus-bar  at  a  standard  voltage, 
making  thereby  one  jumper  between  the  cars  to  be  handled  in 
addition  to  the  air-brake  connections.  The  largest  jumper  I 
know  of  has  twelve  conductors  for  the  train  line,  and  it  is  probable 
that  this  number  is  a  maximum.  Any  particular  system  could 
use  as  many  of  these  conductors  as  desirable.  Such  an  arrange- 
ment would  permit  easy  interchange  of  Pullmans,  express  cars, 
mail  cars,  fast-freight  cars,  etc.,  which  might  have  to  be  used  as 
trailers  in  multiple-unit  trains  of  different  systems. 

The  above  features  include  all  necessary  standardization. 
This,  I  believe,  is  the  only  standardization  that  is  possible  or 
ought  to  be  allowed  at  present,  because  an3rthing  else  would 
stifle  proper  advance  in  the  art. 

The  firm  with  which  I  am  asso:iated  has  always  found  it 
difficult  to  derive  useful  data  from  published  information  on 
costs  of  locomotive  operation.  Therefore,  another  scheme  was 
adopted.  It  was  to  take  several  railroad  divisions  having  different 
kinds  of  traffic,  a  division  with  large  passenger  traffic,  another  hav- 
ing large  freight  traffic,  and  another  having  a  good  mixed  traffic, 
and  if  possible  get  costs  on  these.  In  this  way  we  hoped  to 
arrive  at  some  general  figures  which  could  be  relied  upon. 
I  am  free  to  say  that  while  we  did  have  some  success  and  did 
arrive  at  some  results,  on  the  whole  they  were  unsatisfactory. 
It  was  difficult  to  obtain  any  reliable  costs  for  coal,  wood,  and 
water  stations ;  but  the  results  given  in  the  paper  for  maintenance 
of  way  and  structures  are  as  nearly  correct  as  can  be  stated. 

When  we  came  to  Item  12,  all  figures  were  very  unreliable. 
I  believe  the  only  useful  method  is  the  one  Mr.  Murray  has 
adopted  of  watching  very  carefully  certain  locomotives  in 
service.  One  scheme  we  tried  was  to  assume  that  we  could 
substract  the  cost  of  boiler  repairs  and  leave  only  engine  repairs, 
and  by  some  process  of  assumption  get  a  comparison  between 
costs  of  electric  locomotives  and  steam  locomotives.  We 
found  a  pretty  good  agreement  that  boiler  repairs  were  one-sixth 
of  the  total  repairs  of  the  engine,  but  we  could  find  no  railroad 
people  who  would  agree  in  the  assumption  that  an  electric 
locomotive  would  cost  anything  less  for  maintenance  than  the 
machine  part  of  a  steam  locomotive.  Assuming  the  figures 
are  the  same,  the  maintenance  on  the  electric  locomotive  might 
then  be  considered  five-sixths  of  the  present  cost  of  the  steam 
locomotive. 

I  ask  you  to  beware  of  any  figures  given  on  maintenance  by 
European  railways,  for  the  reason  that  labor  is  cheap  in  Europe : 
and  secondly,  a  great  deal  of  care  is  given  to  operation,  and 
costs  are  likely  to  be  very  low.     Neither  can  the  cost  of  running  a 
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locomotive  50,000  miles,  where  it  has  been  in  the  hands  of 
trained  electrical  engineers,  be  taken  as  a  comparative  figure 
for  a  locomotive  running  day  in  and  day  out,  put  in  the  round- 
house at  intervals,  given  more  or  less  attention,  but  most  of  the 
time  in  the  hands  of  a  road  engineer  who  may  or  may  not  be 
able  to  take  care  of  it. 

Some  very  interesting  results  were  obtained  in  connection 
with  Item  21.  In  the  first  place,  I  am  confident  that  a  "dead- 
man  controller  "  is  as  reliable  as  a  second  engineman, 
and  makes  his  presence  wholly  unnecessary.  In  the  second 
place,  a  very  complete  study  by  a  prominent  steam  railroad 
man  at  several  different  roundhouses  at  which  forty  to  sixty 
locomotives  were  handled  per  day  showed  a  total  cost  per 
engine  handled  of  $1.18.  This  included  all  operations  from  the 
time  the  engineman  dropped  his  engine  until  he  took  it  again. 
It  was  found  that  54  per  cent,  of  this  was  peculiar  to  steam,  and 
could  be  omitted  with  electric  locomotives.  How  much, 
however,  would  have  to  be  added  as  peculiar  to  electric  locomo- 
tives could  not  be  satisfactorily  estimated. 

Forsaking  figures,  there  are  broad  lines  on  which  we  may 
approach  any  railroad  electrification  problem  and  hope  to 
solve  it.     These  are: 

1.  The  flexibility  of  motor  equipment  permitting  multiple- 
unit  operation  for  passenger  and  freight  service  in  a  variety  of 
ways. 

2.  The  possible  increase  in  road-miles  per  locomotive  on 
account  pf  decreased  time  in  roundhouse,  etc.  An  average 
steam  locomotive,  making  perhaps  3,000  miles  per  month  in 
freight  service,  is  about  45%  of  its  time  on  the  road,  30%  in  the 
roundhouse,  and  25%  in  the  yard  awaiting  orders,  etc. 

3.  The  possibility  of  generating  power  cheaply  by  locating 
the  power  plants  close  to  coal  mines,  which  will  avoid  hauling 
of  the  coal,  and  also  by  making  use  of  large  number  of  small 
water  powers  which,  if  properly  developed,  amount  to. a  great 
asset  for  the  railroad;  water  powers  which  would  be  of  little 'use 
to  an  individual,  but  might  be  of  great  use  to  the  railroad 
because  its  load  is  distributed  over  a  large  territory. 

W,  I.  Slichter:  I  have  been  particularly  interested  in  that 
part  of  the  paper  relating  to  the  choice  of  frequency  for  single- 
phase  railway  work.  I  have  studied  the  subject  for  some  time 
and  believe  there  is  no  question  but  that  a  lower  frequency  is 
very  desirable  for  the  single-phase  motor. 

There  seems  to  be  a  unanimous  opinion  that  the  output  of 
the  motor  may  be  increased  some  30  or  35  per  cent,  by  a  decrease 
in  frequency  from  25  to  15  cycles.  In  many  cases  this  will 
make  it  possible  to  build  in  the  limited  space  available  on  the 
trucks  of  a  car,  a  motor  of  sufficient  power  to  perform  the 
service  required,  whereas  at  25  cycles  it  would  be  impossible  to 
obtain  sufficient  power.  But  as  Mr.  Stillwell  has  pointed  out, 
we  must  consider  how  much  this  change  will  cost      The  other 
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parts  of  the  system,  except  the  transmission  line,  are  more 
expensive  at  the  lower  frequency. 

The  generator  itself  may  be  increased  in  cost  anywhere  from 
15  to  50%,  depending  on  the  size  and  design.  This  is  due  to 
the  fact  that  a  speed  corresponding  to  15  cycles  will  be  difficult 
to  obtain  in  turbines,  while  for  slow-spaed  engine-driven  units 
there  will  be  no  great  difficulties. 

Transformers  are  increased  in  cost  about  20%  by  the  change,  • 
while  the  distributing  system  will  be  decreased  about  10%  in 
cost. 

Considering,  first,  an  interurban  road  in  which  the  amount 
of  motive  power  is  small  compared  with  that  considered  for  a 
large  steam  road  as  discussed  by  Messrs.  Stillwell  and  Putnam, 
the  relative  costs  of  the  various  parts  of  an  installation  are 
fairly  represented  as  follows: 

Generating  station 

Sub-stations 

Low-tension  construction . . 

Low- tension  copper 

High-tension  line 

Bonding 

Equipments  and  cars 

For  this  interurban  road  then  a  15-cycle  installation  would 
be  more  expensive. 

But  turning  to  a  road  which  approximates  steam  railroad 
conditions,  the  cost  of  the  equipment  forms  a  much  larger 
proportion  of  the  total  cost,  while  the  increase  in  the  cost  of  the 
power  station  is  not  so  great  on  account  of  the  larger  size  of  the 
ututs.  This  transfers  the  balance  to  the  other  side  and  the 
figures  are  similar  to  those  given  in  the  paper.  This  shows 
that  as  we  approach  heavy  railroad  work  the  greater  will  be  the 
need  for  the  lower  frequency. 

It  has  not  been  pointed  out,  however;  that  although  the  rated 
(one  hour)  output  of  the  motor  is  increased  some  35  per  cent, 
by  the  change  in  frequency,  this  is  only  the  output  during 
acceleration,  whereas  the  continuous  output  rating  of  the 
motor  is  not  changed  accordingly.  For  passenger  service  with 
long  runs  and  a  small  percentage  of  acceleration,  not  as  much  is 
to  be  gained  by  the  use  of  the  lower  frequency. 

J.  B.  Whitehead:  As  I  have  listened  to  the  discussion,  a 
certain  aspect  of  the  question  has  suggested  itself,  and  I  venture 
to  bring  it  forward.  In  considering  an  electrically  propelled 
vehicle,  I  take  it  we  may  consider  that  vehicle  best  which 
possesses  two  characteristics  to  the  greatest  degree,  other 
things  being  equal;  and  these  characteristics  are  the  degree  to 
which  the  vehicle  is  self-contained  and  the  greatest  power  that 
can  be  got  into  the  space  given  to  the  motors.  In  speaking  of 
the  degree  to  which  an  electrically  propelled  vehicle  is  self- 
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contained,  I  wish  to  draw  attention  to  the  fact  that  we  may 
consider  an  electric  locomotive  or  car  more  self-contained  so  far 
as  it  requires  less  attention  from  the  outside.  That  is  to  say, 
the  greater  the  distance  between  sub-stations  and  the  less 
complicated  the  apparatus  at  the  sub-stations,  the  better.  In 
these  respects  the  alternating-current  hat,  the  advantages  of  the  . 
direct-current.  If  the  advocates  of  the  direct-current  system, 
,  could  bring  forward  apparatus  that  would  operate  and  transmit 
at  the  same  voltages  that  the  alternating-current  system  does, 
a  great  deal  of  this  discussion  would  not  have  taken  place. 
From  the  standpoint  of  self-containment,  I  think  that  we 
must  look  for  something  from  the  direct-current  side  before  we 
yield  the  position  taken  by  the  advocates  of  the  alternating- 
current  system. 

It  has  been  very  interesting  to  hear  the  comments  on  the 
other  aspect,  the  greater  power  which  can  be  got  into  the  space 
available  for  motors  by  reducing  the  frequency.  If  15  cycles 
is  the  point  at  w^hich  the  advantage  of  an  increase  of  power 
within  this  space  stops,  being  offset  by  the  greater  weight  and 
greater  cost  of  transformers,  and  the  difficulties  in  the  generating 
apparatus,  then  that  is  the  frequency  that  will  finally  be  adopted. 

The  problem  is  to  do  the  right  thing  in  the  right  way ;  and  if 
we  can  stretch  out  more  and  more  the  distances  between  the 
points  where  the  motor  needs  help  from  outside  by  using  the 
alternating-current  system,  then  the  alternating-current  system 
will  prevail.  The  footnote  suggests  a  danger  from  the  rising 
potential  of  a  broken  bond,  in  the  case  of  high-potential  operation. 
I  ask  if  there  is  any  instance  on  record  where  there  have  been 
unpleasant  results  attendant  upon  a  broken  bond  ? 

L.  B.  Stillwell:  First,  I  shall  reply  to  Mr.  Whitehead's 
question.  We  have  assumed  in  our  estimate  a  No.  4/0  conductor 
in  the  track  circuit  in  order  to  aviod  the  possibility  of  a  dangerous 
potential  on  the  track  in  case  of  broken  bonds.  My  attention 
has  never  been  called  to  any  case  in  which  danger  has  occurred 
from  this  cause,  but  it  appears  to  me  a  theoretical  possibility 
and  we  desire  to  make  our  estimates  eminently  fair  to  the 
steam  side  of  this  proposition. 

I  have  been  greatly  gratified  by  the  discussion  on  this  paper, 
and  I  hope  that  members  of  the  Institute  who  have  additional 
concrete  facts  bearing  upon  the  important  question  of  frequency 
will  contribute  these  facts  by  letter. 

It  is  evident  that  the  great  majority  of  engineers  present 
would  admit  that  the  question  of  frequency  is  settled  decisively 
by  the  testimony  we  have  had  in  favor  of  15  cycles.  The 
testimony  of  Mr.  Lamme,  the  inventor  of  the  single-phase  motor; 
of  Mr.  Storer;  of  Mr.  Slichter,  and  other  men  who  have  been 
active  in  their  development  and  practical  application,  to  my 
mind  is  conclusive  as  regards  the  performance  of  the  motor,  and 
they  have  testified  that  the  difference  in  favor  of  15  cycles,  as 
measured  at  the  draw-bar,  is  approximately  one-third.     When 
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this  fact  is  taken  into  consideration,  in  view  of  the  general 
perspective  of  the  problem,  which  we  have  endeavored  to 
establish  by  considering  the  electrification  of  our  railroads  as  a 
whole,  it  seems  to  me  there  is  only  one  conclusion  to  draw. 

In  our  estimates  we  calculated  that  the  expenditure  for  elec- 
trical equipment  of  rolling  stock,  if  the  25-cycle  system  were  used, 
would  approximate  $450,000,000.  Mr.  Storer  has  stated  that 
the  difference  in  favor  of  15  cycles  would  be  at  least  $5,000  per 
locomotive,  but  his  figure  for  the  entire  locomotive  is  considerably 
higher  than  that  which  we  have  assumed  in  our  estimates,  and 
therefore  we  may  scale  this  $5,000  down  to  about  $4,000. 
Applying  this  to  24,000  locomotives,  the  difference  in  favor  of 
15  cycles  is  $96,000,000,  which  is  ten  times  the  difference  in 
cost  of  the  power-house  equipment  which  is  adversely  affected 
by  a  reduction  of  frequency. 

I  believe  that  to-day  we  are  able  wisely  to  standardize  fre- 
quency as  well  as  the  position  of  the  overload  trolley.  These 
things  certainly  should  be  agreed  upon.  The  steam  roads  have 
standardized  everything  essential  to  the  interchange  of  their 
rolling  stock.  We  must  follow  that  precedent  or  we  shall  get 
involved  in  all  sorts  of  trouble. 

Mr.  Sprague  is  in  favor  of  the  direct-current  system.  He  has 
done  so  much  in  the  development  and  application  of  electric 
apparatus  for  traction  purposes,  first  by  the  direct-current 
motor  and  more  recently  by  the  multiple-unit  system  of  control, 
that  I  should  be  very  sorry  to  see  him  make  a  serious  mistake, 
and  I  hope  that  before  he  nails  his  flag  to  the  1500-volt  direct- 
current  masthead  he  will  take  into  account  all  the  evidence 
presented  to-night. 

Fxank  J.  Sprague  (by  letter) :  Commenting  briefly  on  some 
statements  made  by  various  speakers,  which  in  one  breath 
describe  the  perfection  of  results  attained  by  25-cycle  motors 
and  yet  complain  of  their  lack  of  capacity,  I  am  reminded  of  a 
sign  which  I  often  see  in  the  Subway  cars:  "We  could  not 
improve  the  powder,  so  we  improved  the  box.*' 

My  criticism  of  the  25-cycle  motor,  which  has  been  so  well 
exploited,  has  not  been  because  of  the  potential  at  which  a 
trolley  line  must  be  operated.  The  relations  of  potential  to 
size  of  conductor  are  really  of  such  common  knowledge  in  the 
primer  classes  of  electrical  engineering  that  it  is  hardly  worth 
while  to  discuss  that  particular  feature.  Obviously,  if  alternat- 
ing currents  are  to  be  used  then  just  as  high  potentials  as  the 
physical  facts  will  permit  should  be  adopted,  and  there  is  nothing 
revolutionary  in  the  use  of  11,000  instead  of  3,000  volts. 

Capacity  is  the  keynote  of  an  equipment,  and  capacity  is 
not  measured  alone  by  that  of  conductors,  but  ultimately  also  by 
motor  equipments;  and  the  entire  testimony  of  this  evening 
bears  out  my  criticism,  that  the  25-cycle  motor  as  constructed 
to-day  does  not  under  like  conditions  approach  the  capacity 
of  the  direct-current  motor.     It  is  proposed  to  increase  this 
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capacity  of  lowering  the  frequency.  This,  also,  in  itself  is  not 
a  novel  proposition,  for  it  has  been  discussed  for  a  number  of 
years.  It  involves  a  good  many  questions,  some  of  them 
going  back  to  the  central  station.  It  may  be  advisable  in  the 
end  to  adopt  for  alternating-current  operation  this  periodicity, 
and  I  ventured  months  ago  to  predict  that  the  largest  25-cycle 
railroad  enterprise  now  carried  on  would  adopt  a  lower  fre- 
quency. 

In  view  of  the  fact  that  reduction  of  frequency,  which  brings 
a  motor  more  nearly  to  direct-current  conditions,  is  now  acknowl- 
edged and  advocated  as  an  essential,  I  find  some  difficulty  in 
reconciling  myself  to  that  subtle  reasoning  which  holds  that 
because  a  motor  is  to  be  run  on  a  part  of  its  route  from  direct- 
current  supply  it  is  better  that  it  should  be  designed  for  the 
higher  frequency. 

While  in  entire  s}Tnpathy  with  every  practical  development, 
I  care  not  by  what  means  or  along  what  lines,  I  have  opposed, 
and  will  continue  to  oppose  any  basis  of  camparison  which 
assumes  as  worthy  of  the  fullest  credence  any  and  ev^ry  claim 
made  for  single-phase  alternating  motors,  while  denying  either 
the  possibility,  practicability,  or  impOi.*tance  of  the  utmost 
development  along  direct-current  lines,  whether  used  for  over- 
head or  third-rail  construction. 

During  the  last  19  years  I  have  advocated  many  radical 
developments  on  the  floor  of  this  Institute,  with  what  results  the 
gentlemen  present  are  familiar.  Now,  rightly  or  wrongly,  my 
name  is  particularly  identified  with  efforts  toward  higher 
voltage  direct-current  operation,  even  with  the  third-iail. 
I  willingly  accept  the  sponsorship  of  that  development,  and  in 
answer  to  Mr.  Arnold  venture  to  assert  that,  so  far  as  public 
sentiment  or  restrictions  are  concerned,  while  it  is  quite  possible 
that  the  continued  introduction  of  an  exposed  top-contact 
third-rail  will  be  condemned,  as  it  ought  to  be,  it  is  quite  as 
likely  that  high-voltage  overhead  lines,  often  in  close  proximity 
to  highway  bridges  anrl  crossings,  and  in  possibly  dangerous 
proximity  to  the  general  public  at  city  terminals,  will  come 
under  the  ban  as  that  a  well  protected  under-contact  third-rail 
will  do  so. 

Further,  I  will  take  direct  issue  with  Mr.  McClellan,  and 
venture  to  prophesy  that  third-rail  installations  will  still  proceed 
with  a  goo(i  deal  of  regularity. 

I  am  quite  sure  that  many  of  the  critics  of  the  direct-current 
development  are  not  as  familiar  as  they  might  be  with  what 
has  been  done  in  this  line  within  the  last  year  or  two,  especially 
in  commutating-pole  construction  and  gearless  motors.  The 
former,  one  of  my  early  babies,  and  now  a  vital  feature  in  single- 
phase  alternating-current  motors,  has  been  reduced  to  practice 
with  direct-current  motors  with  such  success  that  I  fully  confirm 
Mr.  Potter's  statement  as  to  its  efficiency.  To  my  personal 
knowledge,  four-pule  motors  of  this  type,  varying  from  40  to 


1907]  DISCUSSION  AT  NEW  YORK  13o 

240  h.p.,  normal  hour  capacity,  will  operate,  so  far  as  commuta- 
tion  is  concerned,  at  excess  voltages  of  75  or  100%  with  entire 
freedom  from  all  commutator  disturbance.  This  improvement 
alone  is  one  of  the  most  remarkable  in  electric  motor  construction 
in  recent  years ;  and  directly  dependent  upon  it  is  the  possibility 
of  a  return  to  my  earlier  methods  of  varying  speed  and  torque 
of  a  motor  by  varying  the  field-magnet  strength,  a  principle  now 
in  common  use  in  variable-speed  shunt  motors,  and  which  is 
equally  applicable  to  series  machines.  This  addition  of  a  shunt 
to  the  series  field  has  an  important  bearing  upon  the  comparisons 
made  by  Mr.  Muralt.  The  series  motor  is  no  longer  a  machine 
with  a  fixed  curve,  but  one  wHth  a  very  wide  range  of  speed 
and  torque  control. 

•In  connection  with  the  other  important  developments,  it 
would  be  unjust  to  omit  mention  of  that  modest  engineer, 
Mr.  Batchelder,  who,  Columbus-like,  by  one  bold  stioke  created 
a  departure  in  gearless  machines,  individual  to  direct  current 
work,  which  is  of  the  utmost  importance,  and  which  has  re- 
ceived its  very  practical  proof  and  demonstration,  much  to  the 
surprise  of  many  critics  in  this  Institute,  in  the  locomotives 
recently  built  fo^  the  New  York  Central  Railroad. 

As  most  of' you*  are  aware,  these  are  gearless  machines  in 
which  the  previously  accepted  axiomatic  principle  of  fixity  of 
relation  between'  field  and  armature  was  abandoned,  the  latter 
being  mounted  directly  on  the  axle,  and  the  fields  being  carried 
upon,  and  as  an  integial  part  of,  thelocomotive  frame,  supported 
by  its  springs  and  hence  moving  freely,  irrespective  of  the 
armature.  Not  only  gears,  but  armature  and  axle-bearings  are 
all  dispensed  with,  and  the  acme  of  simplicity  in  motor  construc- 
tion reached.  If  desired,  the  armatures  of  course  can  also  be 
springbome. 

It  may  interest  those  who  have  somewhat  cynically  questioned 
1200- volt  direct-current  operation,  to  know  that  the  General 
Electric,  the  Westinghouse,  and  the  Electro-Dynamic  companies 
have  all  either  taken,  or  bid  fOiT.  contracts  requiring  the  use  of 
motors  at  this  potential. 

On  the  matter  of  standardization,  perhaps  I  can  add  a  few 
words.  To  a  certain  extent  some  things  take  care  of  themselves. 
The  height  of  a  trolley  wire  is  dictated  by  the  necessity  of  a 
clear  height  above  a  man  on  a  freight  car,  and  is  about  22  ft. 
"There  can,  of  course,  be  considerable  variation  from  this  without 
in  any  way  interfering  with  actual  operation.  The  location  of  the 
third-rail,  with  center  28.25  in.  from  the  gauge  line,  and  with  a 
working  surface  from  2.75  in.  to  3  in.  above  the  rail,  has  been 
practically  accepted,  as  per  suggestion  sent  out  a  long  time  ago 
by  Vice-president  Wilgus  of  the  New  York  Central  Railroad  as 
chairman  of  that  road's  electric  commission. 

I  suppose  I  ought  to  feel  flattered  to  see  the  universal  testimony 
to  the  benefits  of  multiple-unit  operation;  but  some  of  the 
speakers  outdo  the  parent  in  love  for  his  child,  and  have  com- 
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mitted  themselves  to  recommendations  of  an  extreme  character. 
Here,  too,  there  is  little  to  be  said  in  the  matter  of  standardization. 
I  settled  that  nine  years  ago  when  I  created  a  train  line  com- 
posed of  sections  carried  upon,  and  terminating  in  couplers  on 
each  car,  and  joined  by  reversible  jumpers  between  the  cars — 
all  constructed,  connected,  and  located  so  that  cars  could  be 
connected  up  in  any  required  order,  number,  or  sequence,  and 
indifferently  as  to  end-relation;  and  the  master-controllers 
connected  therewith  had  like  characteristics  with  reference  to 
track  movement.  One  of  the  essential  features  of  this  train 
line  is  the  relative  location  of  speed-  and  direction-controlling 
wires,  the  former  unchanged  in  any  connection,  and  the  latter 
reversed  in  connection  when  cars  are  reversed.  Would-be  im- 
provers departed  from  the  essential  five- wire  system,  abandoned 
automatic  control,  and  introduced  for  a  time  additional  individ- 
ual wires  for  various  rheostatic  steps  in  the  speed  control,  as  on 
the  elevated  railway  in  this  city;  but  the  progress  of  events  is 
carrying  them  all  back  to  the  original  lines  which  I  laid  down. 
Practical  experience,  however,  leads  me  to  oppose  the  introduc- 
tion into  a  train  line  of  wires  for  trunk-line  connections,  heating, 
lighting,  or  brake- control. 

I  am  not  able  to  get  up  any  enthusiasm  about  a  proposition 
to  equip  the  freight  cars  of  the  country  with  train  lines.  While 
the  control  of  two  distantly  placed  freight  locomotives  would  at 
times  be  useful,  it  is  not  vital,  nor  are  there  the  same  reasons 
which  make  simultaneous  control  of  motor  cars  in  passenger 
trains  essential. 

Certainly  no  train  operation  would  be  conducted  without 
competent  men  on  locomotives  which  are  distantly  removed 
from  each  other.  Moreover,  in  view  of  the  universal  interchange 
of  freight  cars,  even  if  the  majority  of  them  were  equipped  with 
train  lines  the  introduction  of  a  single  one  without  such  an 
equipment  would  make  useless  the  balance,  and  the  switching 
necessary  to  avoid  this  would  be  objectionable.  The  possible 
advantages  of  such  an  equipment  are  vastly  more  than  offset 
by  the  enormous  cost. 

Calvert  Townley  (by  letter) :  The  tabulation  of  distributed 
opertaing  costs  of  steam  roads,  contrasted  with  the  estimated 
costs  which  it  is  expected  will  obtain  when  steam  roads  shall 
have  been  electrified,  is  interesting,  and  the  conclusions  reached 
are  in  line  with  what  electrical  engineers  very  generally  beliey^. 
I  am  not  sanguine  that  this  tabulation  will  be  given  material 
weight  by  the  men  whom  it  is  most  desirable  to  convince; 
namely,  the  steam  railroad  operating  officials.  Such  men,  as  a 
class,  attach,  and  properly  I  believe,  much  greater  weight  to 
statistics  showing  what  has  been  accomplished  than  to  any 
figures  showing  what  it  is  expected  will  be  accomplished,  no 
matter  how  logical  these  latter  figures  may  be,  or  with  what 
care  and  satisfaction  to  the  compiler  they  may  have  been  pre- 1 
pared.     It  is  also  perhaps  unfortunate  that  in  the  comparisonl 
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of  the  operating  costs,  the  authors  of  the  paper  should  have 
omitted  any  figures  on  fixed  charges.  Naturally,  such  charges, 
resulting  as  they  would  from  investments  needed  to  electrify, 
will  increase  the  total  expenditures  under  electric  operation, 
and  will  act  to  offset  in  varying  degrees  the  estimated  savings 
which  Messrs.  Stillwell  and  Putnam  have  taken.  To  the  man 
who  is  unable  to  estimate  what  will  be  the  investment  required 
to  electrify,  this  may  unfortunately  be  interpreted  to  indicate 
a  dread  on  the  part  of  the  electrical  engineer  that  a  complete 
comparison  of  all  expenditures  for  both  methods  of  traction 
should  be  made.  There  is,  furthermore,  a  deeply  rooted  feeling 
that  the  depreciation  in  electrical  equipment  due  to  the  re- 
placement of  one  type  by  another,  so-called  amortization,  is 
much  higher  than  is  the  case  with  steam  equipment,  and  there 
is  only  one  way  by  which  such  conviction  is  Mkely  to  be  re- 
moved ;  that  is,  .by  the  actual  demonstration  in  practice  that 
the  amount  chargeable  to  amortization  is  small. 

With  the  principle  enunciated  by  Messrs.  Stillwell  and  Putnam 
on  standardization,  I  am  thoroughly  and  heartily  in  sympathy; 
but  in  the  words  of  an  engineer  with  whom  I  discussed  this 
matter,  I  believe  we  should  only  undertake  standardization 
when  we  have  something  to  standardize.  Standards  are 
artificial  only  to  a  limited  degree,  and  no  edict  of  the  Institute, 
o*"  cf  any  other  body,  can  successfully  long  maintain  a  so-called 
standard  against  something  better,  or  when  greater  advantages 
can  be  obtained  by  -departing  from  the  avowed  standard.  I 
cannot  but  feel  that  the  Institute  would  lay  itself  open  to  serious 
criticism  if  it  should  undertake,  for  example,  to  establish  a 
standard  frequency  for  electrically  equipped  steam  railroads, 
when  there  is  no  single  electrified  steam  road  in  this  country 
operated  by  single-phase  current.  Particularly  would  this 
be  true  if  they  should  adopt  a  standard  different  from  every 
single-phase  trolley  road  now  in  operation,  .or  in  process  of 
being  equipped  in  this  country,  and  having  as  a  basis  for  such 
adopted  standard  only  the  calculations  and  experiments  of  the 
engineers  of  the  manufacturing  companies,  extending  over  but 
a  short  period  of  time.  The  best  type  of  equipment  for  the 
electrification  of  steam  roads  will  ultimately  prevail ;  but  it  will 
prevail  by  practical  demonstration  as  to  its  fitness,  and  in  no 
other  way.  I  should  regard  it  as  far  better  that  a  few  railroads 
should  spend  some  extra  money  in  later  changing  the  equipment 
which  they  may  have  adopted,  rather  than  that  some  important 
development  in  the  art  should  be  hampered  or  prevented 
because  of  a  decision  made  now  on  insufficient  evidence.  If 
the  authors  of  this  paper  should  now  advise  their  clients  to 
adopt  something  which  later  may  be  found  to  be  one  of  the 
**  discards  from  the  deck,"  they  would  only  have  taken  a  chance 
which  other  engineers  have  taken  before,  are  taking  to-day, 
and  mutt  continue  to  take  for  some  time  to  come. 

With  respect  to  the  advantage  of  15  cycles,  or  any  other 
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modification  of  a  standard  frequency  that  may  be  suggested,  the 
burden  of  proof  obviously  lies  with  those  advocating  the  change ; 
CO  receive  serious  consideration,  reasons,  for  the  change 
must  be  weighty  and  the  evidence  supporting  them  fairly 
conclusive.  In  the  present  instance,  the  arguments  advanced 
in  favor  of  15  cycles  are  essentially  two:  first,  the  lower  fre- 
quency permits  a  lighter  and  more  compact  motor ;  and  secondly, 
the  induction  in  the  line  and  track  are  reduced.  Of  these  two 
reasons,  the  first  is  advanced  as  the  controlling  one.  Ev^ery 
other  consideration  is  confessedly  adverse.  It  is,  therefore, 
pertinent  to  inquire,  in  fact  we  must  know,  to  consider  the 
subject  intelligently,  how  much  smaller,  lighter,  and  cheaper 
the  lower-frequency  motor  is  to  be.  In  undertaking  to  procure 
this  information,  however,  we  are  at  once  confronted  with 
embarrassment.  There  being  no  15-cycle  equipments  in  exis- 
tence in  this  country  it  is  not  surprising  that  the  Westinghouse 
engineers  hesitate  definitely  to  predict  what  will  be  their  relative 
weight,  cost,  etc.,  when  they  shall  have  been  constructed  to 
meet  the  necessary  widely  varying  specifications  that  will 
certainly  be  forthcoming  as  soon  as  the  electrification  of  steam 
roads  is  fairly  under  way. 

In  considering  the  electrification  of  the  N.Y.N. H.&H.R.R. 
Co.,  plans  were  submitted  by  the  Westinghouse  Elec.  & 
Mfg.  Company  for  both  15-  and  25-cycle  passenger  loco- 
motives, designed  to  perform  identically  the  same  service. 
Here,  then,  we  have  a  definite  statement  of  the  relative  charac- 
teristics of  the  two  types  applied  to  a  concrete  case,  and  carefully 
worked  out.  The  figures  include,  moreover,  not  only  a  conx- 
parison  of  motors,  where  the  15-cycle  is  lighter,  but  also  of  the 
t-ansformers,  where  the  15-cycle  is  heavier,  and,  further,  of  the 
other  parts  of  the  locomotive,  which  are  affected  variously  and  in 
different  degrees.  It  was  found  that  the  15-cycle  machine  had 
the  advantage  of  5.2^  in  weight,  about  ^%  in  cost,  and  was 
slightly  better  as  to  its  efficiency  and  power-factor.  I  have 
been  told  that  the  specifications  in  this  cases  were  not  such  as 
to  permit  full  advantage  to  be  taken  of  possible  15-cycle  con- 
struction, but  the  specifications  imposed  absolutely  no  limitation 
in  this  direction  that  was  not  fixed  by  the  operating  conditions. 
1  am  further  advised  that  there  have  been  subsequent  improve- 
ments in  15-cycle  motor  design  that  now  warrant  better  claims 
for  it,  and  that  in  consequence  the  present  difference  of  weight 
of  locomotives  may  perhaps  be  nearly  10%,  or,  in  some  cases, 
and  under  varying  conditions  favorable  to  15  cycles,  even  more. 

If  the  locomotive  weight  may  be  said  to  average  30%  of  the 
total  train  weight,  the  use  of  a  locomotive  weighing  5.2%  more 
will  add  1.56%  to  the  total  train-tonnage.  Similarly,  ten  per 
cent,  increase  in  locomotive  weight  will  add  3%  to  the  total 
train- tonnage.  In  freight  service  the  ratio  of  locomotive 
weight  to  train  weight  being  less,  the  increase  in  total  tonnage 
due  to  additional  locomotive  weight  would  be  correspondingly 
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smaller.  These  additional  weights,  while  undoubtedly  unde- 
sirable, could  hardly  be  considered  controlling  or  as  constituting 
a  sufficient  offset  to  the  serious  objections  of  a  change  in  standards, 
even  if  such  change  were  not  coupled, as  it  is,  with  the  attendant 
disadvantages  to  power  station  construction  in  lighting,  and 
in  the  use  of  auxiliaries  of  all  kinds. 

The  statement  that  there  have  been  recent  improvements  in 
15-cycle  motor  design  is  interesting  as  an  indication  that  the 
last  word  in  single-phase  motor  design  has  by  no  means  been 
said;  indeed,  it  would  be  a  most  reniarkable  condition  of  affairs 
and  decidedly  contrary  to  the  history  of  every  other  electiical 
development  were  it  otherwise,  whether  the  motor  be  designed 
for  15  cycles  or  for  any  other  frequency. 

In  the  light  of  these  facts,  with  our  high-priced  prosperity 
labor  and  a  soaring  material  market,  it  is  obviously  dangerous 
even  to  attempt  to  state  the  difference  which  we  may  reasonably 
expect  will  obtain  between  the  cost,  for  example,  of  motors  of 
two  different  frequencies  when  the  dust  settles.  On  this  account 
it  appears  to  me  impossible  seriously  to  consider  or  to  attach 
much  weight  to  the  comparative-cost  figures  presented  by 
Messrs.  Still  well  and  Putnam  for  the  possible  future  electrifica- 
tion of  the  entire  railway  sytems  of  the  United  States. 

In  this  connection  it  may  be  proper  to  point  out  a  future 
possibility  that  has  not  been  touched  upon,  but  which  may 
prove  to  be  an  important  factor  in  the  frequency  question.  An 
engineer  who  has  been  familiar  with  trolley  practice  only,  and 
who  studies  steam  railroad  electrification  for  the  first  time, 
may  be  pardoned  if  he  is  surprised  as  the  comparatively  small 
amount  of  power  required  by  the  steam,  and  he  is  likely  to  be 
further  astounded,  and  perhaps  appalled,  at  the  high  peaks 
and  wide  fluctuations  in  load.  These  conditions  do  not  make 
for  the  economical  generation  of  power,  but  on  the  contrary 
impose  an  abnormally  heavy  fixed  charge  to  cover  capital 
sufficient  to  handle  peak  loads,  and  an  unduly  large  operating 
cost  for  the  additional  force  necessary  to  operate  a  station  to 
handle  peak  loads,  the  average  output  of  which  station  is, 
however,  but  a  small  per  cent,  of  its  capacity.  It  is  possible 
that  Messrs.  Stillwell  and  Putnam  had  this  feature  before  them 
in  suggesting  the  distribution  of  power  150  miles  in  each  direction 
from  centrally  located  power  houses.  However,  I  am  not  able 
to  justify  the  general  adoption  of  such  a  plan,  either  on  the 
score  of  expense  or  of  reliability,  though  there  may  sometime  be 
found  a  particularly  favorable  case  where  power  can  be  generated 
from  steam  and  economically  transmitted  this  distance.  I  am 
confident,  however,  that  a  much  smaller  initial  investment  will 
be  required,  and  a  considerably  lower  operating  cost  will  obtain, 
if  smaller  stations  are  installed  at  much  more  frequent  intervals. 
-I  believe  that  such  a  plan  will  be  found  more  economical,  even 
with  the  reduced  load-factor  thereby  entailed.  But  the  question 
of  load-factor  brings  me  to  the  future  possibility  above  referred 
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to.  which  is  this:  as  soon  as  the  railway  manager  discovers 
that  in  order  to  make  cheap  power  he  must  make  it  in  larger 
quantities  than  his  road  can  use,  and  that  his  station  must  also 
have  a  good  load-factor,  he  will  utilize  his  good  railroad  credit 
in  the  direction  of  establishing  larger  power  plants  than  he 
himself  needs,  and  he  will  s^ll  quantities  of  cheap  power  to 
neighboring  industries,  thereby  affording  them  the  advantage 
of  such  power  at  lower  rates  than  they  could  themselves  produce 
it,  and  securing  for  himself,  not  only  cheap  power  for  his  own 
use,  but  a  profit  on  the  sale  of  the  surplus. 

Twenty-five  cycles  is  a  standard  and  a  satisfactory  frequency 
for  induction  motors  in  industrial  establishments  and  for  syn- 
chronous converters  where  direct-current  trolley  systems  are 
in  operation.  Fifteen  cycles  is  likewise  applicable  to  such  service 
but  is  concededly  not  so  good,  and  it  is  not  at  present  a  standard. 
Should  it  become  so,  the  cost  of  transformers  for  use  with  it  will 
be  materially  greater  than  the  cost  of  transformers  for  25  cycles — 
perhaps  somewhat  in  the  neighborhood  of  40%  more,  and  the 
frequency  is  not  one  that  affords  as  great  a  flexibility  in  the 
speeds  of  the  induction  motors  supplied  by  it. 

In  the  light  of  the  foregoing,  the  following  seem  to  me  clear: 

1.  That  it  would  be  wrong  to  undertake  to  establish  a  standard 
frequency  for  single-phase  railway  operation  at  the  present 
time. 

2.  That  even  after  it  has  been  credited  with  all  the  estimated 
advantages  claimed  for  it.  a  15-cycle  frequency  has  not  yet 
miade  out  a  case  entitling  it  to  general  preference. 

Ralph  D.  Mershon  (by  letter) :  It  seems  to  me  that  we  should 
go  slowly  in  the  matter  of  adoptmg  a  standard  frequency  for 
traction  work.  The  reasons  for  caution  in  this  matter  are  pretty 
well  set  forth  in  the  paper,  but  there  is  one  of  the  considerations 
touched  upon  which  will,  I  believe,  before  long  have  consider- 
ably more  weight  than  at  present.  This  consideration  is  that  of 
the  use  of  induction  motors  for  traction  purposes,  especially 
motors  whose  speed  characteristics  may  be  varied  by  a  change 
in  the  number  of  poles,  In  the  case  of  such  method  of  speed- 
control,  a  higher  frequency  than  15  cycles  is  desirable  as  giving 
greater  flexibility  in  the  range  of  speed.  It  seems  to  me  it 
would  be  much  better  to  wait  until  the  lines  of  development  of 
traction  work  are  more  cleaily  defined  than  at  present  before 
adopting  as  standard  a  frequency  lower  than  25  cycles. 

H.  M.  Brinckerhoff  (by  letter) :  The  wide  field  covered  by  this 
timely  paper  and  the  broad  lines  on  which  the  authors  have 
laid  out  their  general  argument  deserves  a  much  more  careful 
analysis  and  discussion  than  was  possible  at  the  meeting  at 
which  it  was  presented.  A  brief  written  contribution,  giving 
some  additional  data  upon  some  points  contained  in  the  paper 
or  referred  to  in  the  verbal  discussion  may  therefore  not  be  out 
of  place. 

The  first  of  the  four  points  enumerated  by  the  authors;  that 
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is,  *'  the  record  of  certain  facts  relative  to  heavy  electric  trac- 
tion which  have  been  established  by  experience  **  brought  out 
in  the  discussion  various  references  to  one  of  the  items  that 
might  be  further  elaborated  upon. 

The  record  of  the  results  obtained  on  the  Manhattan  Elevated. 
Subway,  and  various  interurban  railways  are  used  as  a  basis  of 
comparison  upon  which  to  estimate  operating  costs  for  steam 
railway  electrification.  One  of  the  most  frequent  criticisms 
offered  by  steam  railway  men  is  that  the  peiiod  of  operation  of 
electric  installations  has  been  too  short  to  show  fully  the  cost 
of  repairs  and  renewals,  such  as  are  found  in  similar  items  in 
long  established  steam  railroad  operation. 

The  earliest  heavy  electric  railway  system  is  the  Metropolitan 
West  Side  Elevated  Railway  in  Chicago,  which  was  the  first 
to  operate  conunercially  with  the  third-rail.  Starting  in  April 
1895,  nearly  twelve  years  ago,  it  operated  with  one  motor  car 
per  train  until  1905,  then  the  multiple-unit  control  was  adopted 
and  a  second  motor  car  used  on  four  and  five  car  trains,  instead 
of  one  as  previously. 

The  total  cost  of  operation  per  car-mile  on  this  road,  starting 
at  about  $0,075  in  1896-7-8,  showed  small  fluctuations  up  to 
1905,  when  it  was  $0.0931,  the  highest  single  year  being  $0.0971 
and  the  average  for  the  ten  years  $0.0836.  Here  then  we  have 
a  system  in  its  tenth  year  showing  a  cost  per  car-mile  for  all 
expenses,  omitting  taxes  only,  which  compares  with  the  steam 
locomotive  operation  of  the  South  Side  Elevated  of  Chicago  of 
$0,106,  the  Lake  Street  Elevated  of  $0.1174  and  the  Manhattan 
Elevated  of  New  York  of  $0.1198  per  car  mile.  The  increase 
noted  for  electric  operation  on  the  Metropolitan  from  1805  to 
1905  is  partly  accounted  for  by  considerable  increases  in  rates  of 
wages  and  cost  of  fuel  and  general  supplies. 

As  the  writer  was  connected  with  this  road  from  the  start, 
and  general  manager  for  six  years  prior  to  1906,  he  states  on 
his  personal  knowledge  that  the  tenth-year  costs  included  re- 
newals in  ail  the  items — ^ties,  rails,  frogs,  and  switches,  repaint- 
ing cars,  renewals  of  armatures,  commutators,  gears,  pinions,  and 
all  the  various  items  that  might  be  said  to  have  a  considerable 
first  life.  The  fear  very  naturally  entertained  at  first,  that  after 
a  certain  period  the  renewals  would  become  excessive,  has  not 
been  realized,  even  after  a  ten  years'  term  of  constant  heavy 
service.  The  costs  are  greater  the  tenth  year  than  the  first  or 
second,  but  are  still  25%  or  30%  below  corresponding  costs  of 
similar  steam  locomotive  operation.  At  the  same  time  the 
service  has  been  immensely  improved  in  speed,  frequency,  and 
general  desirability. 

While  it  is  difficult  to  compare  electric  car-mile  statistics  with 
steam  railway  train-mile  figures,  the  facts  here  noted  certainly 
support  the  contention  of  Messrs.  Stillwell  and  Putnam  for 
operating  costs  at  least  20%  lower  for  electric  than  for  steam 
operation  under  favorable  average  conditions. 
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In  using  the  general  average  results  in  the  carefully  prepared 
tables  of  statistics  presented  by  the  authors,  the  danger  of 
applying  general  averages  to  specific  cases  should  be  clearly 
pointed  out.  An  average  is  simply  the  mean  value  of  two  or 
more  amounts,  and  this  average  value  may  vary  so  greatly  fx'om 
some  individual  figure  on  the  list  from  which  it  is  derived  as  to 
make  a  specific  application  based  upon  it  very  misleading. 
General  averages  are  valuable  for  general  broad  considerations, 
but  specific  cases  must  be  analyzed  and  determined  upon  in  their 
individual  conditions. 

In  their  estimates  of  the  costs,  the  authors  have  assumed 
the  universal  use  of  single-phase  alternating-current  apparatus. 
In  the  discussion  at  the  meeting  it  was  contended  that  this  as- 
sumption was  too  radical,  since  no  single-phase  installation  of 
this  character  has  begun  actual  service.  On  the  other  hand, 
some  speakers  criticised  the  idea  and  use  of  the  thxrd-rail  system 
as  out  of  date.  All  past  experience  shows  that  a  radical  inno-. 
vation  is  not  in  itself  necessarily  bad,  neither  should  an  existing- 
successfully  operating  system,  whose  limitations  have  been 
demonstrated  under  service  conditions,  be  broadly  condemned 
on  these  points  alone.  The  present  existing  heavy  electric  trac^ 
tion  systems  are  the  result  of  development  along  a  line  radically 
differing  from  the  previous  lighter  forms  of  street  and  other 
railway  apparatus,  but  this  has  not  prevented  the  enormous 
extension  of  the  older  lighter  form  in  the  field  for  which  it  is 
adapted. 

As  the  writer  happened  to  be  engaged  upon  the  design  of  the 
original  third-rail  installation  for  the  Intramural  Railway  at 
the  Columbian  Exposition  in  Chicago  during  1892-3,  and  joint 
patentee  of  the  various  devices  then  developed,  he  feels  author- 
ized in  saying  that  no  claim  was  then  made  that  ike  only  true 
and  correct  solution  of  the  electric  railway  problem  had  been 
evolved.  Certain  conditions  had  to  be  met — k  light  elevated 
structure  of  limited  dimensions  and  clearances,  trains  of  four 
cars  to  carry  dense  passenger  traffic,  with  stations  close  together, 
and  demands  for  the  highest  possible  speed  and  regularity  of 
operation. 

This  problem  was  then  absolutely  new.  That  the  system 
was  evolved,  the  apparatus  designed,  installed,  and  put  in  opera- 
tion in  less  than  eight  months,  and  fourteen  four-car  trains  on  a 
line  about  three  miles  long,  carried  successfully  from  100,000 
to  125,000  passengers  in  days  of  14  to  15  consecutive  hours, 
does  not  call  for  any  apologies  from  those  connected  with  this 
work. 

The  use  of  the  third-rail  itself  was  brought  about  by  the 
necessity  for  collecting  large  amounts  of  electric  current  from 
a  stationary  conductor,  by  apparatus  attached  to  mo\^ng  cars. 
The  decision  to  use  a  large  cast-iron  shoe  sliding  on  a  steel 
rail  was  met  with  many  predictions  of  failure;  the  result  is  a 
matter  of  history. 
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The  problem  met  in  1893  is  presented  to-day,  changed  only 
in  magnitude.  The  solution  then  evolved  accomplished  its 
purpose  so  successfully  that  in  the  year  1906  the  third-rail  sys- 
tem of  the  U.  S.  hauled  close  upon  700,000,000  passengers,  at  a 
cost  fully  20%  below  what  it  would  have  been  with  steam. 

The  writer  does  not  wish  to  be  understood  as  advocating  the 
whole  sale  installation  of  the  third-rail  on  all  the  steam  railway 
systems  of  the  United  States.  It  has  a  field,  however,  of  its 
own  which  it  is  occupying  successfully.  That  it  has  been  found 
to  have  objectionable  features  in  certain  cases  is  not  surprising ; 
on  the  contrary  the  variety  of  conditions  which  it  has  success- 
fully met  is  rather  remarkable. 

When  we  discuss  the  broad  problem  of  electrifying  trans- 
continental railway  systems,  the  added  magnitude  of  the  prob- 
lem involves  the  further  conditions  of  great  distances  and  large 
and  infrequent  train  units.  The  obvious  course  to  pursue 
under  such  conditions  is  to  raise  the  voltage  on  the  working  con- 
ductor, and  that  this  involves  overhead  contact  is  very  apparent; 

In  examining  the  many  forms  of  alternating-current  single- 
and  three-phase  lines  in  Europe  last  winter,  the  writer  could 
not  but  help  noting  a  number  of  details  which  are  pertinent 
to  this  discussion.  The  use  of  the  relatively  high -voltage  trolley 
is  successfully  accomplished  and  the  insulation  of  the  high- 
tension-side  of  the  apparatus  on  the  car  is  not  seriously  trouble- 
some. It  is  also  true  that  a  system  like  the  Valtellina  Line  in 
northern  Italy  performs  all  the  functions  of  a  steam  railway 
system.  Trains  of  through  freight,  local  freight,  express  pas- 
senger trains,  local  passenger  trains,  excursion  and  specials  are 
run,  with  interchange  of  cars  and  traffic,  with  the  steam  railway 
systems  of  the  country. 

There  are  some  points  upon  which  we  must  be  on  our  guard, 
however,  in  making  comparisons.  Continental  railway  road- 
beds are  very  superior,  as  a  rule,  to  the  average  in  America, 
nor  have  they  the  immense  and  complicated  freight-yard  lay- 
outs and  intricate  switching  problems  seen  on  our  lines.  The 
cars  are  much  lower  and  very  light  compared  with  our  freight, 
passenger,  and  Pullman  cars.  Wages  are  much  lower  and  the 
demand  of  the  public  as  to  quality  of  service  not  so  severe. 

All  these  must  be  allowed  for  in  using  their  cost  figures.  What 
they  have  accomplished  in  various  lines  is  very  instructive  and 
interesting,  and  it  is  flattering  to  know  that  the  incentive 
vigorously  to  develop  single-phase  railway  equipments  now 
being  pushed  by  some  of  the  largest  firms  in  Europe  came  from 
reports  of  American  effort  in  this  line. 

The  authors*  third  point:  **  Importance  of  Standardizing 
Electrical  Railway  equipment  as  rapidly  as  may  be  consistent 
with  progress  "  is  certainly  timely  and  well  taken.  Upon  the 
assumption  of  ultimate  universal  electrification  of  the  entire 
railway  systems  of  the  country,  it  is  well  to  note  that  the  inter- 
changeability  at  present  effective  on  the  steam  railways  does 
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not  mean  actual  identity  of  apparatus,  but  sufficient  similarity 
to  insure  coupling,  hauling,  heating,  and  renewal  of  parts  such 
as  journal  brasses,  etc.,  upon  all  lines. 

As  there  is  now  a  variety  of  types  of  locomotives  on  connecting 
systems  and  these  are  operated,  generally  speaking,  on  their 
own  lines,  so  it  should  be  possible  to  operate  through  passenger 
and  freight  business  entirely  by  standardizing  the  few  items 
mentioned,  and  yet  retain  the  advantages  of  motive  power  ap- 
paratus of  different  types  specially  suited  to  meet  certain  local 
conditions. 

The  great  flexibility  thus  far  shown  in  the  development  of 
electric  railway  apparatus,  such  as  the  use  of  the  third  rail  on 
private  right-of-way  and  overhead  trolley  upon  streets;  and 
running  alternating  current  on  one  part  and  direct  current  on 
other  parts  of  a  line  with  the  same  cars,  are  only  Indications  of 
the  possible  interchangeability  of  systems  of  apparently  hope- 
lessly divergent  characteristics.  The  two  classes,  freight  and 
heavy  Pullman  or  passenger  cars,  are,  broadly  speaking,  the 
through  equipment.  On  neither  of  these  is  it  likely  to  be 
found  desirable  or  economical  to  install  individual  motor  equip- 
ment and  multiple-unit  control.  The  local  and  suburban 
trains,  with  multiple-unit  control,  will  not  leave  the  parent 
system.  Interchangeability  then  of  the  through  equipment  does 
not  prevent  the  selection  locally  of  the  most  desirable  motive 
power  system,  provided  the  present  degree  of  standardization 
common  in  steam  railway  practice  is  adhered  to. 

During  the  present  period  of  development  and  adjustment  of 
electric  traction  to  steam  railroad  conditions,  the  existence  and 
advocacy  of  different  types  of  apparatus  brings  to  the  problem 
a  spirit  of  emulation  and  competition  that  is  tending  to  greater 
perfection  of  detail  and  much  more  rapid  progress  than  would 
be  the  case  were  all  engineers  working  on  a  single  type.  The 
fact  of  honest  difference  of  opinion  by  men  striving  to  meet 
certain  specific  conditions  successfully  is  not  a  sign  of  weak- 
ness as  some  doubters  would  have  us  believe,  but  a  strong  argu- 
ment for  the  broad  applicability  of  electric  power. 

A.  H.  Babcock  (by  letter) :  The  salient  points  of  the  paper 
seem  to  me  to  be  the  statement  that  the  alternating-current  equip- 
ment is  the  only  class  of  equipment  deserving  serious  considera- 
tion in  connection  with  the  general  problem  of  heavy  traction, 
the  question,  "  where  ten  years  from  to-day,  will  be  the  12D0- 
volt  of  1500- volt  direct-current  system?  "  and  the  plea  for 
standardization  of  15-cycle  apparatus. 

It  is  to  be  regretted  that  at  present  there  is  not  available 
any  detailed  information  covering  the  actxial  operating 
data  (such  as  follows)  on  the  few  single-phase  roads  now 
in  operation.  In  one  of  the  cases  that  has  come  under 
my  personal  notice,  three  passenger  cars  and  two  work  cars  are 
operated.  The  passenger  cars  are  equipped  with  from  100  h.p. 
motors  and  weight  equipped,  but  not  loaded,  40  tons.     The  work 
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cars  have  four  h.p.  motor  equipments  and  weigh  somewhat  less. 
Power  is  purchased  at  three  phase  60  cycles,  is  converted  to 
single  phase  25  cycles,  is  metered  and  paid  for  at  the  rate  of  IJ 
cents  on  the  three-phase  side  of  the  converting  set.  Measured 
here,  the  following  figures  were  obtained  for  one  month*s  opera- 
tion last  fall. 

Average  tonnage  per  car  operated 36 .  25 

**        watt-hours  per  ton-mile 153 

**        cost  of  energy  per  car-mile 6.92  cents. 

"        kilowatt-hours  per  passenger  car-mile.  .6. 12 
"        cost  of  energy  per  passenger  car- . 

mile 7 .  66  cents. 

It  should  be  noted  that  the  foregoing  figures  are  for  power 
alone,  without  any  fixed  charges  or  other  expense.  With  a 
total  of  five  cars  of  all  kinds  under  operation,  eight  men  including 
the  foreman,  were  needed  and  employed  in  the  car  house  on 
motor-car  repairs,  with  two  more  men  available  for  emergencies. 

Is  this  sort  of  thing  **  the  only  class  of  equipment  deserving 
serious  consideration  in  connection  with  the  general  problem 
which  we  are  discussing?  *' 

If  this  road  had  been  equipped  with  1200- volt  direct  current, 
under  the  same  operating  conditions  and  losses  in  transmission  as 
are  now  made,  the  energy  per  ton-mile  would  have  been  107 
watt-hours  as  against  the  153  actually  recorded,  and  the  monthly 
cost  of  energy  would  have  been  reduced  in  proportion. 

It  is  safe  to  say  that  the  1200- volt  or  the  1500- volt  direct- 
current  system  will  be  heard  of  in  ten  years,  if  the  single-phase 
system  is  not  developed  far  beyond  the  inefficient  case  cited 
above. 

With  reference  to  standardizing  15  cycles,  it  may  be  remembered 
that  the  first  installation  proposed  called  for  16|  cycles.  After- 
ward 25  cycles  was  made  the  standard  in  order  to  fit  existing 
apparatus,  and  we  were  informed  that  the  change  in  frequency 
made  no  difference.  Now  we  are  informed  with  equal  positive- 
ness  that  15  cycles  is  to  be  the  panacea,  and  this  in  spite  of  the 
fact  that  not  one  15-c>cle  installation  is  in  operation  in  this 
country.  An  engineer  responsible  for  the  expenditure  of  large 
sums  of  money  may  well  hesitate  about  standardizing  anything 
in  a  field  where  the  very  first  development  has  yet  to  be  made 
and  proved. 

It  is  not  my  intention  to  appear  to  condemn  the  entiiC  single 
phase  system  on  the  showing  of  the  one  road  the  operating 
costs  of  which  have  been  investigated  by  me;  nor  is  the  fact 
that  1200- volt  direct-current  motors  have  been  specified  by  me 
for  a  large  suburban  service  to  be  taken  as  a  declaration  in  favor 
of  high-voltage  direct-current  as  a  substitute  for  single-phase 
in  all  cases.  The  right  is  reserved  to  choose  for  every  specific 
case  the  type  of  apparatus  best  adapted. 

All  engineers  in  a  similar  position  must  regret  the  absence 
of  published  accurate  disinterested  information  on  the  operating 
costs  of  the  few  single-phase  roads  now  in  operation. 
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W.S. Murray  (by  letter):  Upon  the  belief  that  the  two 
departments  in  which  the  greatest  economies  to  be  derived  in 
electric  versus  steam  operated  t;^ains  are  fuel  and  locomotive 
repairs,  it  has  been  my  effort  during  the  past  eighteen  months 
to  secure  absolutely  reliable  data  in  these  two  departments  of 
cost  concerning  the  steam  operated  trains  of  the  New  York 
Division  of  the  New  York,  New  Haven,  and  Hartford  Railroad 
Company. 

FUEL. 

Ton-miles  are  produced  in  several  classes  of  service,  viz: 

1.  Passenger  express. 

2.  Passenger  express- local. 

3.  Passenger  local. 

4.  Freight. 
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40.600 

4.61 

566.000 

0.331 

4.65 

306.4 

593.838 

42.500 

5.10 

593.000 

0.366 

6.04 

314.2 

805.760 

56.800 

4.68 

792.300 

0.3.35 

4.61 

An  interesting  and  valuable  query  is,  what  fraction  of  a 
pound  of  coal  is  consumed  in  producing  a  ton-mile  in  any  one 
of  the  above  services?  Tables  1  and  2,  following,  show  that 
it  takes  0.169  lb.  of  coal,  0.194  lb.  of  coal,  and  0.335  lb.  of  coal 
to  produce  a  ton-mile  in  freight,  express  passenger,  and  express 
local  passenger  service,  respectively. 

It  will  be  further  noted  that  in  the  above  tables  there  is  given 
the  pounds  of  coal  required  per  indicated  horse  power  hour  for 
the  passenger  service.     The  ten  heads  under  which  the  com- 
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pilation  of  these  tables  were  made  show,  in  order  that  these  data 
be  absolutely  reliable,  the  following  conditions  must  be  satisfied: 

1.  Exact  mileages  measured. 

2.  Exact  weight  of  tonnage  hauled. 

3.  Exact  weight  of  coal  burned. 

4.  Maximum  continuous  number  of  indicator  diagrams 
taken  to  determine  indicated  horse  power. 

5.  A  sufficient  number  of  days  of  continuous  test  to  assure 
average  results. 

1.  Exact  Mileages  Measured.  The  zone  over  which  the  test 
was  conducted  was  the  New  York  Division  of  the  N.  Y.  N.  H. 
&  H.  R.R.  Co.  and  all  trains  runs  had  specified  terminals  within 
the  zone,  the  mileages  of  whch  are  measured. 

2.  Exact  Weight  of  Tonnage  Hauled.  The  engines,  twenty 
in  number,  and  all  cars  included  in  the  test  were  in  the  regular 


Table  2. — Frbicht  Sbkvick. 


No.  of 
Locomotive 

Mileage  of 
locomotive 
in  18  days 

Pounds  of 
coal  burned 
in  18  days 

Average  weight 

of  train. 

including 

locomotive 

Total  ton-miles 

of  train,  including 

locomotive. 

for  18  days 

Pounds  of 
coal  per 
ton-nule 

300 

1.657 
1.153 
1,502 
2.010 
2.018 
1.274 
2.272 
2.350 

230.370 
184.836 
231.366 
237.006 
304.044 
220,680 
413.106 
255.444 

930 

661       ' 

606 
1.060 
1.240 

731 
1.255 

872 

1.446.868 
761,755 
1.106.615 
2.129,575 
2.495.072 
930.792 
2.850.046 
2.053.142 

0.159 

301 

0,242 

325 

0.209 

373 

0  111 

382 

0.122 

386 

0.2.^7 

448 

0.145 

453 

0.124 

Average 

1.778 

2.59.607 

031 

1.721,983 

0.169 

log  of  the  mechanical  superintendent  and  the  superintendent 
of  car  service,  with  measured  weights. 

3.  Exact  Weight  of  Coal  Burned.  Each  of  the  twenty  engines 
coaled  from  an  individual  car,  the  weight  of  the  coal  therein  being 
measured  immediately  before  and  after  the  test,  the  coal  cars 
being  placed  at  the  regular  coaling  points  of  the  locomotives. 

4.  Maximum  Continuous  Number  of  Indicator  Diagrams  Taken 
to  Determine  Indicated  Horse  Power.  .  A  continuous  set  of  indicato r 
diagrams  were  taken  on  a  locomotive  for  both  express  and 
express  local  runs  between  Woodlawn  and  New  Haven.  A 
wind-shield  was  erected  over  the  left  cylinder  of  the  locomotive. 
and  the  following  scheme  of  indication  adopted,  viz: 

a.  One  minute  allowed  for  changing  cards  on  steam  indicator. 

b.  Six  diagrams  per  minute  to  be  taken  on  the  same  card. 
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c.  Two  minutes  to  be  devoted  to  taking  cards. 

d.  Interval  between  cards,  twenty  seconds. 

It  will  be  noted  that  by  this  method  on  each  indicator  card 
there  were  obtained  twelve  indicator  diagrams ;  six  for  each  end 
of  the  cylinder.  The  average  mean  effective  pressure  of  these 
cards  was  taken  to  secure  the  indicated  horse  power  for  the 
cycle  of  three  minutes  above  described.  This  three-minute 
cycle  of  66%  card  indication,  was  practised  several  days  until 
perfect  runs  were  obtained  between  Woodlawn  and  New  Haven, 
east  and  west.  Then  five  continuous  east  and  west  runs  were 
made  for  both  express  and  express  local  service,  and  an  average 
indicated  horse  power  per  ton  for  each  class  of  service  was 
obtained.  By  this  method  of  continuous  indication  throughout 
all  parts  of  the  division,  both  east  and  west,  the  results  would 
seem  to  be  accurate. 

5.  A  Sufficient  Number  of  days  of  Continuous  Test  to  Secure 
Accurate   Results,     Eighteen    days    were    considered    sufficient. 


Table  3. 

Ton-miles 
per  annum 

Tons  of  coal 

steam 

traction 

Tons  of  coal 
electric 
traction 

Cost  of  coal 

steam 

traction 

Cost  of  coal 
electric 
traction 

1 
Saving  of 
electric 

over 

stream 

traction 

Express.  .. 

592.240.000 

57.447 

29.870 

S183.830 

$89,620 

194.210 

Express  loc 

348.000.000 

58.300 

28.600 

186.560 

85.800 

100.760 

Express  frt 

2.223.000.000 

187.844 

139.010 

563.530 

417.030 

146.500 

$341,470 

The  test  was  conducted  during  the  month  of  August.  The 
track  and  temperature  were  favorable  to  steam  locomotive 
traction. 

Table  3  shows  the  relative  amounts  of  coal  required  for 
electric  vs  steam  locomotive  traction.  In  the  former  case  the 
coal  as  measured  in  the  electric  power  house;  in  the  latter  as 
measured  in  the  fire-boxes  of  the  locomotives.  The  cost-item 
is  interesting  in  this  table,  indicating  that  the  New  York  Division 
when  operated  by  electricity  will  show  a  saving  by  coal  alone  of 
$341,470.00  per  annum. 

It  is  to  be  noted  that  the  pounds  of  coal  per  indicated  horse 
power  hour  is  not  simply  the  weight  of  coal  used  to  accomplish 
an  individual  engine  run,  but  the  weight  used  in  an  all-day 
service  of  24  hours,  which  includes  the  time  the  engine  is  idle. 
As  the  engines  are  indicated  for  a  ^iven  revenue  run,  this  weight 
of  coal  might  be  well  termed :  Tne  pounds  of  coal  per  revenue 
indicated  horse  power  hour. 


Eng. 

Year 

No. 

built 

FREIG 

rHT.  J 

1902 

300 

301 

1902 

306 

1902 

■42o 

1900 

373 

1903 

382 

1903 

3m3 

1903 

3^♦) 

1903 

448 

1905 

453 

1905 

PASS  .  MAY. 


832 

1905 

S4l 

1905 

1210 

1900 

1258 

1903 

1262 

1903 

1271 

1896 

1272 

1896 

1282 

1896 

1571 

1893 

1574 

1893 

FREIGHT. 

300 

1902 

301 

1902 

306 

1902 

325 

1900 

373 

1903 

382 

1903 

383 

1903 

386 

1903 

448 

1905 

453 

1905 

PASS..  JULY, 


832 

1905 

841 

1905 

1210 

1900 

1258 

1903 

1262 

1903 

1271 

1896 

1272 

1896 

1282 

1896 

1571 

1893 

1574 

1893 
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b.  Locomotive  Repairs,     Table  4  is  a  typical  sheet  showing 
the  scheme  of  accounts  kept  on  each  of  the  twenty  locomotives 


Tablb  5. 


MUeage 

made  by 

locomotive 

Total 

cost  of 

repairs 

in  S 

Cost  of 
repairs 
per  mile 
in  cents. 

Total  cost 

of 

maintenance 

inS 

Total  cost 

of  maintenance 

per  mile 

inS 

Total  cost 

of  repairs 

and  maixttenance 

per  mile 

in  cents 

Aug.  -00 

22.342 

1323. 

5.92 

292. 

1.31 

7.23 

July   '(Mi 

22.843 

1140. 

4.99 

257. 

1.12 

6.11 

June  '06 

26.570 

920. 

3.46 

326. 

1.23 

4.60 

May  '06 

32.678 

825. 

2.52 

451. 

1.38 

3.90 

Apr.  '06 

22.500 

438. 

1.95 

367. 

1.63 

3.58 

£ 

.Mar.  '06 

24.084 

351. 

1.40 

335. 

1..34 

2.74 

O 

1 

Feb.  '06 

24.788 

1254. 

5.05 

353. 

1.42 

0.47 

Jan.    '06 

29.848 

5I;-iO. 

17.26 

433. 

1.45 

1H.7I 

Dec.  '05 

24.017 

20GI. 

12.33 

362. 

1.51 

13.84 

Nov.  -05 

29.528 

2029. 

6.87 

455. 

1.54 

8.41 

Oct.    '05 

19.523 

2050. 

10.50 

305. 

1.50 

12.06 

Sept.  '05 

19.825 

1508. 
20009. 

7.91 

320. 

I.Gl 

9.52 

Total. . . 

299.446 

80.16 

4256. 

17.10 

97.26 

Average 

per  mile... 

6.68 

6. 08 

1.42 

1.42 

8.10 

Aug.  '06 
July  '06 
June  '06 
May  '06 
Apr.  '06 
Mar.  '06 
Feb.  '06 
Jan.  '06 
Dec.  '05 
Nov.  '05 
Oct.  '05 
Sept.  '05 


32.409 
32.199 
35.272 
34.833 
31.395 
33.332 
26.428 
37.008 
31.977 
43.485 
37.394 
41.304 


ToUl...    417.036 
{Average  per  mile. , 


I 


2674. 

373. 

612. 
5129. 

429. 

743. 
1040. 

385. 

830. 
1338. 
1172. 
1376. 


16121. 
3.88 


8.25 
1.15 
1.74 
14.70 
1.37 
2.23 
3.93 
1.04 
2.63 
3.08 
3.13 
3.33 

46.58 
3.88 


10.21 
2.89 
3.39 

16.6.3 
3.14 
3.95 
5.69 
2.70 
4.36 
4.64 
4.78 
4.8.1 

07 .  27 
5.6(1 


for  a  period  of  one  year.  The  sheets  selected  are  those  showing 
the  maximum  and  minimum  months  for  freight  and  passenger 
engines. 
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Table  5  is  a  complete  compilation  of  the  twelve  months  of 
locomotive  repairs  and  maintenance. 

This  investigation  leads  me  to  the  two  following  conclusions: 

1.  For  a  mixed  freight  and  passenger  service  the  same -gross 
draw-bar  can  be  produced  by  the  single-phase  method  of  traction 
for  60%  of  the  coal  required  by  the  steam  method  of  traction. 

2.  Locomotive  repairs  are  between  three  and  four  times  as 
great  for  steam  as  for  electric  locomotives. 

L.  B.  Stillwell  and  H.  S.  Putnam  (by  letter).  The  paper 
which  we  had  the  honor  to  present  at  tne  two  hundred  and  thir- 
teenth meeting  of  the  American  Institute  of  Electrical  Engineers, 
as  stated  in  its  first  paragraph,  had  four  objects.  1,  To  record 
certain  facts  relative  to  heavy  electric  traction  which  had  been 
established  by  experience;  2,  to  present  calculations  of  re- 
lative costs  of  steam  and  electric  traction  in  railway  service 
based  upon  these  facts;  3,  to  point  out  the  transcendent  im- 
portance of  standardizing  electric  railway  traction  equipment 
as  rapidly  as  may  be  consistent  with  progress ;  and  4,  to  raise  the 
question  whether  a  frequency  of  25  cycles  per  second  or  15-cycles 
per  second  should  be  adopted  in  railway  operation  by  alternating- 
current  motors. 

Our  purpose  in  working  out  and  presenting  detailed  calcu- 
lations of  relative  costs  of  operation  by  the  steam  locomotive 
and  the  single-phase  motor  was  to  secure  for  ourselves  and 
others  a  comprehensive  view  of  the  great  problem  which  railway 
engineers  to-day  are  called  upon  to  consider — a  comprehensive 
view  being  obviously  a  requisite  first  step  toward  an  adequate 
and  satisfactory  general  solution.  To  realize  the  magnitude  of 
the  problem  and  the  advantages  in  respect  to  increased  earnings 
and  decreased  operating  costs  which  in  general  will  result  from 
the  substitution  of  the  motor  for  the  steam  locomotive,  is  to 
recognize  the  fact  that  railways  are  destined  to  use  electricity 
upon  a  scale  which  demands  a  general  solution  and  to  appreciate 
the  importance  of  prompt  standardization  of  the  frequency 
chosen  for  alternating-current  work. 

While  expressing  the  belief,  that  as  compared  with  25-cycles 
**  a  frequency  of  15-cycles  is  preferable  and  should  be  adopted 
for  heavy  electric  traction,  **  we  stated  that  our  object  was 
rather  to  present  the  question  of  frequency  for  discussion  than 
to  advocate  the  adoption  of  any  particular  frequency,  and  we 
suggested  a  careful  consideration  of  this  very  important  question 
by  the  Institute  through  its  Standardization  Committee  or  a 
special  committee. 

The  oral  discussion  which  followed  the  presentation  of  the  paper 
was  conclusive,  beyond  our  expectation,  as  regards  frequency. 
So  far  as  the  general  practice  of  engineers  who  may  adopt  the 
single-phase  alternating  current  is  concerned,  we  regard  the 
matter  as  practically  settled  by  the  facts  and  opinions  brought 
out  by  the  discussion.  The  designing  engineers  of  both  the 
Westinghouse  and  General  Electric  companies  testified  empha- 
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tically  to  the  great  increase  in  power  of  motors  which  can  be 
realized  by  reducing  the  frequency,  and  while  several  speakers 
questioned  the  wisdom  of  now  adopting  a  standard,  no  one  came 
forward  to  argue  that  the  higher  frequency  is  preferable. 

Mr.  Lamme  to  whom,  more  than  to  any  other  man,  we  owe 
the  single-phase  motor,  stated  that  at  15  cycles  the  cutput  of 
a  given  motor  is  from  25%  to  40%  greater  than  at  2L  cycles  and 
that  his  company  had  verified  this  by  actual  test. 

Mr.  Storer  testified  that: 

You  can  get  at  least  30%  greater  output  from  motors  with  15  cycles 
than  with  25  cycles. 

Mr.  Slichter,  the  engineer  of  the  General  Electric  Company, 
who  has  immediate  charge  of  the  work  of  designing  single-phase 
motors,  said: 

There  seems  to  be  a  tmanimous  opinion  that  the  output  of  the  motor 
may  be  increased  some  30  to  35%  by  a  decrease  in  frequency  from  25 
to  15  cycles. 

Mr.  Potter,  chief  engineer  of  the  railway  department  of  the 
General  Electric  Company,  after  pointing  out  some  of  the  diffi- 
culties in  the  way  of  the  adoption  of  15  cycles,  said: 

I  do  not  think,  however,  that  we  can  look  for  the  ultimate  develop- 
ment of  the  single-phase  motor  of  25  cycles. 

In  his  written  contribution  to  the  discussion  of  the  paper,  Mr. 
Frank  J.  Sprague  says: 

It  may  be  advisable  in  the  end  to  adopt  for  alternating-current  opera- 
tion about  this  periodicity,  and  months  ago  I  ventured  to  predict  that 
the  largest  25-cycle  railroad  enterprise  now  being  installed  would  adopt 
a  lower  frequency. 

Mr,  Calvert  Townley  alone,  among  all  who  have  orally  or 
by  written  communication  discussed  the  paper,  advances  argu- 
ments in,  favor  of  25  cycles,  but  even  in  this  case  the  position 
taken,  is  one  advocating  suspension  of  judgment  rather  than 
asserting  superiority  of  25  cycles,  as  is  shown  in  the  following 
statement  with  which  he  concludes  his  letter : 

In  the  light  of  the  foregoing  the  following  seem  to  me  clear:" 

1.  That  it  would  be  wrong  to  establish  a  standard  frequency  for 
single-phase  railway  operation  at  the  present  time. 

2,  Tnat  even  after  it  has  been  credited  with  all  the  estimated  advan- 
tages claimed  for  it,  a  1 5-cycle  frequency  has  not  yet  made  out  a  case 
entitling  it  to  general  preference. 

The  paper  and  the  discussion  have  established  the  fact  that 
the.  increase  in  cost  of  the  power-house  equipment  consequent, 
upon  the  suggested  reduction  in  frequency  is  far  more  than  offset 
by  the  reduction  in  cost  of  electric  equipment  of  rolling  stock 
consequent  upon  the  adoption  of  15  cycles. 

As  regards  power-house  and  sub-station  cost,  we  estimated 
that  the  difference  in  favor  of  the  higher  frequency  is  about 
$10,000,000,  assuming  that  all  the  American  railroads  now  oper- 
ated by  steam  should  adopt  electricity. 
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As  regards  cost  of  the  electric  locomotives,  Mr.  Storer  stated 
that  the  difference  in  favor  of  the  lower  frequency  would  approxi- 
mate $5,000  per  locomotive.  In  naming  this  figure,  doubtless 
he  had  in  mind  the  present  cost  of  electric  locomotives,  while  in 
our  estimates  we  have  assumed  that  this*  cost,  which  is  now 
approximately  $30,000,  will  be  reduced  to  $25,000.  Making  a 
corresponding  reduction  in  Mr.  Storer 's  estimate,  it  appears  that 
the  saving  per  locomotive,  in  the  opinion  of  the  chief  engineer  of 
the  railway  department  of  the  Westinghouse  Electric  &  Manu- 
facturing Company,  will  approximate  $4,000  in  favor  of  the  lower 
frequency. 

The  question  whether  24,000  electric  locomotives  would  do 
the  work  of  approximately  twice  that  number  of  steam  loco- 
motives now  owned  by  the  railroad  companies  is  certainly  open 
to  discussion.  If  the  actual  number  required  be  greater  than 
the  number  assumed,  the  argument  in  favor  of  the  lower  fre- 
quency is  strengthened.  In  our  paper  we  expressed  the  opinion 
that  work  equivalent  to  that  now  done  by  approximately  48,000 
steam  locomotives  could  be  performed  by  electric  locomotives 
numbering  from  one-half  to  two-thirds  of  that  figure,  and  in 
showing  that  the  change  to  the  lower  frequency  would  effect  a 
saving  in  first  cost  of  aggregate  equipment  we  used  the  smaller 
figure  in  order  to  be  entirely  fair  to  the  higher  frequency.  Ad- 
hering to  the  figure,  24,000,  as  representing  the  aggregate  of 
electric  locomotives  required,  and  taking  Mr.  Storer's  figure  of 
$4,000  as  representing  the  difference  in  cost  per  locomotive,  it 
appears  that  while  the  adoption  of  the  lower  frequency  would 
involve  an  increase  of  about  $10,000,000  in  cost  of  power-house 
and  sub-station  equipment,  it  would  save  $96,000,000  in  cost  of 
rolling  stock  equipment ;  both  of  these  figures  having  reference  to 
equipment  of  the  entire  existing  railroad  systems  of  the  United 
States.  The  point  made  by  Mr.  Storer,  therefore,  greatly 
strengthens  the  argument  in  favor  of  the  lower  frequency. 

The  practical  unanimity  of  competent  opinion  evidenced  in 
respect  to  the  advantages  of  the  lower  frequency,  and  the  fact 
that  practically  every  American  designing  engineer  who  has 
participated  actively  in  the  development  of  single-phase 
railway  apparatus  was  present  and  joined  in  the  oral  discussion, 
would  seem  to  have  established  definitely  and  finally  the  wis- 
dom of  adopting  the  lower  frequency.  It  is  possible  that  special 
cases  may  arise  in  which  local  conditions  are  sufficient  in  weight 
to  justify  the  use  of  the  higher  frequency,  but  it  is  perfectly  clear 
that  hereafter  the  engineer  who  in  single-phase  alternating-cur- 
rent railway  work  adopts  25  cycles  will  accept  serious  responsi- 
bility and  should  be  able  to  base  his  decisions  upon  concrete 
and  local  factors  such  as  will  be  found  to  exist  in  very  few  cases. 

The  fact  that  the  Oerlikon  Company,  of  Switzerland,  and 
the  Siemens-Schuckert  Company,  of  Germany,  in  manufacturing 
single-phase  motors  of  the  type  adopted  by  the  Westinghouse 
and  General  Electric  companies  are  adopting  1 5  cycles,  is  an 
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interesting  point  presented  by  Mr.  Lamme  and  is  excellent  evi- 
dence in  favor  of  the  lower  frequency. 

Aside  from  the  interesting  discussion  of  the  question  of  fre- 
quency, the  paper  has  resulted  in  the  presentation  of  certain 
facts  of  material  value  and  of  numerous  opinions,  many  of 
which  deserve  respectful  consideration.  Among  the  facts 
of  special  value  may  be  mentioned  the  data  presented 
by  Messrs.  Lamme  and  Potter  relative  to  comparative  slip  of 
wheels  at  15  and  25  cycles.  It  is  highly  desirable,  however, 
that  these  facts  be  supplemented  by  further  experimental  deter- 
minations. Mr.  W.  S.  Murray  has  contributed  data  of  especial 
value  in  the  shape  of  costs  of  steam  locomotive  operation  on  the 
New  York,  New  Haven  and  Hartford  Railroad,  these  costs  being 
in  certain  respects  analyzed  more  thoroughly  than  is  usual  in 
the  locomotive  performance  records  of  our  steam  railroads.  Mr. 
Slichter's  figures  showing  how  the  cost  of  electric  equipment  in 
certain  cases  would  be  affected  by  the  suggested  change  in 
frequency,  are  of  particular  interest.  Mr.  de  M.uralt*s  discussion 
of  certain 'comparative  characteristics  of  single-phase,  three- 
phase  and  direct-current  motors  is  also  of  value.  It  is  to  be  re- 
gretted that  the  comparative  merits  of  the  two  frequencies  under 
consideration  were  not  discussed  from  the  standpoint  of  the  in- 
duction motor.  The  point  was  referred  to  in  our  paper,  and  Mr. . 
Ralph  D.  Mershon  in  his  printed  communication  expresses  the 
opinion  that  in  the  near  future  this  consideration  will  have 
greater  weight  than  is  now  generally  recognized.  It  is  certainly 
desirable  to  have  additional  light  upon  this  aspect  of  the  subject, 
and  it  is  to  be  hoped  that  if  the  advocates  of  the  induction  motor 
for  traction  purposes  have  in  their  possession  any  facts  of  import- 
ance not  yet  published  they  will  see-  their  way  to  present  such 
facts  at  an  early  date. 

Aside  from  the  discussion  of  the  question  of  frequency  and  the 
presentation  of  test  data,  the.  oral  discussion  and  the  written 
communications  subsequently  contributed  bring  out  the  follow- 
ing facts: 

1.  That  Mr..  Frank  J:  Sprague,  and  possibly  a  few  other  engi- 
neers, are  inclined  to  believe  that  the  high-potential  direct-current 
motor,  (for  example,  1200  or  1500  volts)  is  perferable  to  the 
single-phase  motor. 

2.  That  a  considerable  number  of  engineers  feel  that  the  time 
to  standardize  has  not  yet  arrived. 

Such  advantages  as  the  direct -current  motor  possesses  in  the 
general  railway  field  disappear  rapidly  when  we  consider  this 
field  as  a  whole  rather  than  regard  special  cases  in  which  the  rea- 
sons for  electrification  are  so  weighty  as  to  overcome  even  the 
comparative  disadvantages  of  a  system  apparently  limited  to 
1200  or  1500  volts,  and  necessarily  limited  by  the  interposition  of 
synchronous  converters  between  generators  and  motors  no  matter 
what  the  ultimate  voltage  for  which  direct-current  motors  may 
be  designed.    They  also  shrink  materially  when  we  compare  the 
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direct-current  motor  with  the  16-cycle  motor  instead  of  the  25- 
cycle  motor. 

In  the  course  of  the  discussion,  Mr.  Sprague  made  the  fol- 
lowing interesting  statement: 

I  am  going  to  make  a  prophecy — that  on  a  large  number  of  lines  which 
can  by  any  stretch  of  imagination  be  considered  as  subject  to  a  reason- 
able prospect  of  electrification,  that  1200  or  1500  volts  will  on,  any  pres- 
ent development  known,  give  better  results  in  every  way  than  the  alter- 
nating-current 15-  or  25-cycle  overhead  system. 

It  is  to  be  hoped  that  Mr.  Sprague  will  present  facts  and  figures 
upon  which  this  interesting  prophecy  is  based.  Meantime, 
however,  it  may  be  pointed  out  that  he  limits  the  alleged  superi- 
ority of  the  direct-current  system  to: 

A  large  number  of  the  lines  which  can,  by  any  stretch  of  imagination, 
be  considered  as  subject  to  a  reasonable  prospect  of  electrification. 

The  imagination  of  one  man  may  stretch  more  than  that  of 
another,  and  in  effect  Mr.  Sprague  proposes  the  plan  of  special 
solution.  The  growth  of  traffic  will  constantly  operate  to  bring 
roads  now  outside  what  he  considers  the  practicable  field,  within 
that  field.  Obviously,  it  will  not  do  to  treat  this  problem  as 
Kmited  to  roads  having  to-day  certain  density  of  traffic  or  limita- 
tions of  length  which  may  enable  the  direct-current  system  to 
make  a  good  showing.  Problems  which  ten  years  ago  were  on 
the  remote  horizon  are  solved  and  behind  us,  while  problems 
which  twenty  years  ago  were  regarded  only  by  the  poet  are  now 
in  the  hands  of  the  operating  superintendent. 

The  position  which  we  take  in  this  matter  may  be  stated  as 
follows: 

a,  A  general  view  of  the  railway  field ,  including  freight  as  well  as 
passenger  traffic,  obviously  shows  that  for  anything  approxi- 
mating a  general  solution  the  single-phase  alternating-current 
system  is  decidedly  superior  to  the  1200-  or  1500- volt  direct- 
current  system.  This  conclusion  is  corroborated  by  calcula- 
tions easily  made  and  based  only  upon  established  facts. 

fc.  The  admitted  advantages  of  electricity  in  respect  to  in- 
creased earning  power  and  decreased  cost  of  operation  are  such  as 
in  the  near  future  assure  rapid  increase  in  the  use  of  electricity 
by  railway  systems  now  operated  by  steam. 

c.  The  necessity  of  standardizing  frequency  rests  practically, 
although  less  directly,  upon  the  same  arguments  as  have  in- 
duced railways  to  standardize  track-gauge,  height  of  draw-bar, 
location  and  couplings  of  air  brake,  train-line,  and  steam-line. 

In  other  words,  the  significance  of  our  estimates  of  comparative 
operating  costs  is  that  the  results,  viewed  in  connection  with 
admitted  facts  in  respect  to  increased  earnings,  indicate  that  a 
general  electrification  of  important  railway  divisions,  and  even  of 
trunk  lines,  is  coming  much  more  rapidly  than  has  been  realized, 
even  by  electrical  engineers;  and  the  lesson  to  be  drawn  from 
this  conclusion  is  that  we  must  standardize  as  promptly  as  pos- 
sible everything  essential  to  convenient  interchange  of  rolling 
stock. 
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As  regards  multiple-unit  control  equipment,  to  which  Mr. 
Sprague  refers,  it  will  be  absolutely  necessary  to  standardize 
this,  at  least  so  far  as  the  train-line  connection  is  concerned,  if 
the  time  should  arrive  when  freight  trains  are  to  be  operated 
by  electric  locomotives  located  at  intervals  throughout  the  train. 

Undoubtedly  this  possibility  now  appears  remote^  by  reason 
of  the  fact  that  it  would  call  for  a  general  equipment  of  the 
freight  cars  used  by  all  railways  ia  the  United  States. 
It  is  precisely  by  this  method,  however,  that  the  greatest  possible 
advantages  of  electrification  might  be  obtained.  The  enormous 
gain  resulting  from  the  ability  to  operate  freight  trains  of  any 
desired  length  without  increasing  the  strain  on  draft-gear,  and 
by  a  system  permitting  instant  and  effective  train  control  at  the 
will  of  the  motorman  on  the  leading  locomotive,  is  obvious  to 
every  railway  engineer  or  operator;  and  it  is  probable  that  in 
no  other  way  could  the  ability  of  some  of  our  trunk  lines  to  handle 
the  freight  traffic  which  to-day  is  overcrowding  their  existing 
track  facilities  be  more  economically  increased.  Not  many 
years  ago  railway  operators,  in  general,  regarded  the  proposition 
that  freight  cars  be  supplied  with  air-brake  equipment  as  an 
impracticable  dream;  to-day  the  supposed  dream  is  a  reality  in 
respect  to  more  than  85  per  cent,  of  this  class  of  rolling-stock 
eqtaipment.  Similarly  the  idea  of  equipping  all  cars  with 
automatic  couplers  was  opposed  as  impracticable,  but  to-day 
such  (Couplers  are  in  general  use.  In  view  of  these  facts,  and  of  the 
enormously  valuable  results  which  might  be  attained  in  the  case 
of  many  trunk  lines  by  employing  the  multiple-unit  system, 
we  contend  that  the  argument  in  favor  of  the  selection  of  a 
standard  system  of  electric  supply  for  railway  operation  is  ma- 
terially reinforced  by  the  possibility  that  multiple-unit  control 
may  be  used  in  the  not  very  distant  future  in  the  operation 
of  freight  trains. 

It  is  suprising  to  find  Mr.  Armstrong  and  a  few  other  engineers 
opposing  the  idea  of  standardizing  ordinary  railway  practice. 
The  explanation  of  their  attitude  must  be  found  either  in  the 
fact  that  they  have  inferred  more  than  was  intended  by  our  use 
of  the  word  *'  standardization,"  or  that  they  have  failed  to  re- 
alize an  adequate  general  view  of  the  railway  problem  which 
confronts  electrical  engineers. 

Our  paper  proposed  that  standards  of  practice  be  agreed  upon 
in  respect  to:  a,  location  of  third  rail;  fc,  location  of  overhead 
conductor  used  with  single-phase  alternating-current  systems; 
c,  frequency  of  alternating  traction  systems.  We  remark  also 
that  it  is  clearly  desirable  but  probably  less  easy  to  agree  upon 
a  standard  system  of  multiple-unit  control  for  train  operation. 

As  reported  in  the  stenographic  notes  of  the  discussion,  Mr. 
Armstrong  said : 

It  is  not  a  case  of  types  of  apparatus,  or  a  question  of  frequency. 
Each  case  has  to  be  considered  by  itself.  In  ten  years  from  now  we  will 
still  be  disputing  over  the  question  of  frequency,  alternating-current   or 
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direct-current  operation.  Looking  back  on  the  history  of  the  steam 
locomotive,  we  have  no  standard.  You  can  talk  to  the  representatives 
of  the  different  roads,  the  master  mechanics  and  different  engineers,  and 
they  have  their  own  ideas  about  various  matters  in  connection  with  their 
locomotives,  ♦    *        * 

Undoubtedly  ten  years  from  now  the  master  mechanics  and 
engireers  of  electrically  operated  railroads  will  still  have  their 
own  ideas  about  various  matters  in  connection  with  their  locomo- 
tives. As  regards  all  things  essential  to  interchange  of  rolling 
stock,  however,  it  is  safe  to  assume  that  practice  will  be  uniform; 
and  the  earlier  uniformity  is  attained,  provided  that  system 
best  fitted  to  survive  is  selected,  the  better  for  all  concerned. 

The  question  whether  it  be  wise  or  unwise  now  to  agree  to  set 
aside  as  inadequate  for  the  solution  of  the  general  railroad 
problem  all  direct-current  systems,  depends  upon  the  question 
whether  we  now  possess  adequate  knowledge  of  the  possibilities 
and  limitations  of  the  contrasted  systems.  It  is  our  conten- 
tion that  such  knowledge  is  now  available. 

In  1890  the  standard  frequency  of  60  cycles  was  chosen  for 
lighting  purposes.  This  choice  was  based  upon  knowledge 
certainly  not  more  complete  in  respect  to  the  requirements  of 
the  field  of  use,  and  the  limitations  and  possibilities  of  ap- 
paratus applicable  thereto,  than  is  now  available  to  enable  Us 
to  make  a  wise  choice  of  frequency  for  railway  apparatus.  In 
1890,  60  cycles  was  not  a  case  of  the  survival  of  the  fittest.  As 
a  matter  of  fact,  when  it  was  chosen  as  the  standard  frequency 
to  supersede  the  higher  frequencies  previously  in  use,  it  had  never 
been  embodied  in  a  commercial  plant  in  actual  operation. 
Nevertheless  it  appears  to  have  withstood  successfully  the  test 
of  time. 

Similarly  in  1890  the  Westinghouse  company  selected  as 
standard  for  work  in  which  synchronous  converters  were 
to  be  employed  extensively,  the  frequency  for  30-cycles.  About 
two  years  later,  and  before  any  important  plants  using  30-cycles 
had  been  installed,  this  was  changed  to  25-cycles,  owing  pri- 
marily to  the  fact  that  the  Niagara  Falls  Power  Company  had 
arranged  to  install  turbines  operating  at  250  rev.  per  min. — a, 
speed  which  did  not  permit  the  development  of  30-cycle  current 
by  alternators  directly  connected  to  the  turbine  shafts. 

The  frequency,  25  cycles,  when  adopted  for  the  Niagara  in- 
stallation, was  not  selected  as  the  survival  of  the  fittest  among 
a  number  of  alternative  frequencies  preferred  by  various  engineers 
and  experimented  with  in  commercial  service  at  the  expense  of 
the  purchaser.  At  the  time  it  was  chosen,  knowledge  of  the 
facts  essential  to  a  wise  choice  was  far  less  exact  and  compre- 
hensive than  to-day  is  our  knowledge  of  the  considerations  which 
should  enable  us  to  predetermine  and  select  that  frequency 
which  is  best  fitted  to  survive  in  railway  service. 

In  his  exceptionally  valuable  contribution  to  the  discussion, 
Mr.  H.  M.  Brinckerhoff  takes  the  position  that  the  essential 
condition  of  interchangeability  of  through  equipment  does  not 
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prevent  the  selection,  locally,  of  a  variety  of  motive  power  sys- 
tems: 

Provided  the  present  degree  of  standardization  common  in  steam 
railway  practice  is  adhered  to. 

The  question  is  very  important,  and  it  is  a  fortunate  fact  that 
electric  rolling-stock  equipment  offers  many*  interesting 
possibilities  of  operation  over  lines  supplied  with  electric  motive 
power  of  various  types.  Such  operation,  however,  as  illustrated 
by  the  equipment  of  the  New  York,  New  Haven  and  Hartford 
Railroad,  which  is  adapted  not  only  to  the  11, 000- volt  single- 
phase  overhead  system  chosen  by  that  company,  but  also  to  the 
direct-current  third-rail  system  of  supply  used  in  the  Forty- 
second  Street  terminal,  implies,  necessarily,  a  degree  of  compli- 
cation expensive,  and,  from  the  operating  standpoint,  very  un- 
desirable. 

If  some  of  our  railways  are  to  use  6,600-volt  overhead  trolley 
systems  of  supply,  others  11, 000- volt  systems,  still  others  1,500- 
volt  direct-current  systems,  600-volt  third-rail  systems,  and 
any  other  systems  which  ingenuity  can  suggest,  no  conceivable 
complication  of  rolling  stock  equipment  will  permit  operation 
of  motive-power  units  over  the  railway  lines  of  the  country  as 
a  whole. 

As  regards  the  necessity  of  standardization  in  order  to  avoid 
confusion  and  loss  as  the  zones  of  electrification  of  our  railway 
systems  are  extended,  the  following  considerations,  not  specific- 
ally mentioned  in  the  paper  or  in  the  discussion,  tind  apparently 
overlooked  by  some  who  have  discussed  our  paper,  may  be 
referred  to: 

1.  The  effect  of  consolidations.  The  doctrine  of  special 
treatment  of  individual  cases  of  electrification  now  presented 
to  the  electrical  engineer,  if  adopted,  will  lead  to  needless  expense 
and  great  inconvenience  in  operation  in  cases  where  properties 
equipped  with  different  systems  may  be  consolidated  at  some 
future  date.  The  same  is  true  in  case  of  a  transfer  or  sale  of  a 
section  of  line  by  one  railroad  property  to  another. 

2.  In  emergency,  in  case  of  accidents  blocking  the  line,  our 
steam  railways  not  infrequently  send  their  trains  to  destinations 
by  using  lines  belonging  to  neighboring  railways  under  different 
management.  If  one  line  is  to  use  the  1200- volt  direct-current 
system,  and  another  the  alternating-current  system,  such  accom- 
modation will  be  impossible. 

3.  At  junction  points  and  terminals  the  use  of  different 
systems  in  permitting  interchange  of  rolling  stock  is  in  many 
cases  practically  prohibitive.  Every  terminal  in  the  city  of 
Chicago  is  in  use  by  two  or  more  trunk-line  railways,  and  in  such 
a  case  as  this  obviously  uniformity  of  systems,  frequency,  etc., 
is  essential. 

It  appears  unnecessary  to  elucidate  further  the  reasons  which 
from  an  operating  standpoint  argue  so  strongly  against  the  idea 
of  special  solutions  of  individual  cases.  Every  experienced 
railway  man  will  recognize  their  force  without  argument. 
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It  has  been  suggested  that  the  adoption  of  a  standard  system 
of  supply  for  railway  lines  may  retard  progress  by  limiting, 
or  checking,  the  spirit  of  emulation  and  competition  of  inven- 
tors and  engineers.  This  question,  it  will  be  noted,  is  not  raised 
by  our  suggestion  that  the  frequency,  15-cycles,  be  adopted  as 
a  standard  for  alternating-current  railway  work.  Obviously 
the  opportunities  for  improvement  and  development  are  quite 
as  great  at  15  cycles  as  they  would  be  at  25  cycles. 

The  question  is  pertinently  raised  by  our  expressed  opinion, 
that  for  a  general  solution  of  the  broad  problem  of  railway  elec-. 
trification  only  alternating-current  systems  are  deserving  of 
serious  consideration,  and  those  who  believe  that  direct-current 
systems  may  be  capable  of  development  to  a  point  which  will 
make  them,  or  one  of  them,  effective  and  satisfactory  for  the 
solution  of  the  general  problem,  are  justified  in  making  the  point 
referred  to.  For  ourselves,  the  arguments  in  favor  of  the  alter- 
nating-current system  are  such  as  justify  the  setting  aside  of 
direct-current  systems  and  concentration  of  effort  in  the  prompt 
standardization  and  more  rapid  development  of  the  alternating- 
current  system,  which,  by  its  essential  characteristics,  is  obvi- 
ously best  adapted  to  the  solution  of  the  general  problem. 

It  is  pointed  out  that  the  existence  of  a  certain  number  of 
25-cycle  generating  plants,  sometimes  owned  by  the  railway, 
and  possibly  available  as  a  source  of  power  supply  for  emergen- 
cies, is  a  consideration  of  weight  in  some  instances.  The 
answer  to  this*  is  that  undoubtedly  in  each  specific  case  of  con- 
templated electric  installation  the  problem  should  be  carefully 
studied  with  reference  to  local  as  well  as  to  more  general  con- 
siderations, and  it  is  not  impossible  that  in  some  cases  the  weight 
of  local  considerations  may  justify  departure  from  the  general 
standard.  This  obvious  fact,  however,  does  not  argue  against 
the  general  adoption  of  a  standard.  So  far  as  it  has  weight, 
undoubtedly  it  argues  in  favor  of  25  cycles,  but  it  in  no  way 
supports  the  position,  which  some  have  taken  in  opposition  to 
our  contention,  that  a  standard  should  be  promptly  agreed  upon. 

One  or  two  contributers  to  the  discussion  have  criticised  our 
use  of  the  Statistics  of  Railways,  issued  by  the  Interstate  Commerce 
Commission,  on  the  ground  that  these  reports  are  not  reliable.  For 
our  purposes  and  as  used  by  us  they  are,  on  the  contrary,  entirely 
adequate  and  convincing.  The  fact  that  they  are  not  complete 
in  detail  does  not  materially  affect  their  value  for  our  purposes, 
as  we  are  dealing  with  the  ratio  of  the  individual  items  to  the 
total  operating  expense.  Obviously,  the  ratio  of  saving  indi- 
cated by  our  calculations  cannnot  be  applied  to  individual  roads 
indiscriminately.  It  could  be  so  applied  only  to  arailway  which 
might  happen  to  represent  exact  average  conditions.  It  is 
hardly  necessary  to  explain  that  the  management  of  any  rail- 
road contemplating  the  adoption  of  electricity  must  study  the 
problem  with  reference  to  its  detailed  and  carefully  analyzed 
conditions  and  costs  of  operation.     In  attempting  to  fix  compara- 
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tive  costs  of  the  various  items  of  operating  expenses,  moreover, 
we  have  used  not  only  the  reports  of  the  Interstate  Commerce 
Commission,  but  the  annual  published  reports  of  many  railroads 
and  also  detailed  unpublished  reports  kindly  furnished  by  officials 
of  the  Pennsylvania,  the  Erie,  Missouri  Pacific,  Denver  and 
Rio  Grande,  and  other  railroad  companies. 

One  or  two  critics  have  considered  it  unfortunate  that,  in  con- 
nection ivith  our  calculations  of  comparative  operating  costs,  we 
did  not  include  an  estimate  of  the  capital  charges  involved  in 
the  case  of  electric  equipment.  This  omission  was  deliberate. 
To  include  capital  charges  is  in  no  way  essential  to  the  purposes 
of  our  paper,  and  to  do  so  would  raise  questions  tending  to 
divert  attention  from  the  object  which  we  had  in  view.  For 
example,  the  treatment  of  the  question  of  "  depreciation  "  is 
one  which  might  well  become  the  subject  of  a  paper  of  consider- 
able length,  and  the  methods  of  financing  railroads  in  America 
are  so  far  from  having  attained  a  standard  of  practice  that  we 
have  desemed  it  best  to  show  only  the  calculated  saving  in 
operating  costs  per  mile  of  line  as  compared  with  interest  on 
the  cost  of  required  electric  equipment,  exclusive  of  rolling  stock. 

Several  gentlemen  who  discussed  the  paper  expressed  the 
opinion  that,  while  the  apparent  reduction  in  operating  costs, 
as  shown  by  our  analysis,  is  18%  (exclusive,. of  course,  of  capital 
charges),  roads  in  general  will  not  make  the  change  in  order  to 
effect  this  economy,  but  will  be  influenced  to  a  much  greater 
extent  by  the  increased  earning  power  resulting  from  the  change. 
This  consideration  is  not  new  to  the  authors.  One  of  them  re- 
calls pointing  it  out  to  the  president  of  the  Manhattan  Rail- 
way Company  some  ten  years  ago. 

The  results  of  our  estimates,  in  which  we  have  endeavored  to 
compare  the  operating  expenses  under  a  system  of  electric 
traction  with  the  actual  grand  averages  of  operating  expenses 
throughout  the  United  States,  are  more  favorable  to  electric 
traction  than  we  had  anticipated  when  this  work  was  und;»r- 
taken,  but  it  is  haidly  necessary  to  point  out  that  no  competent 
engineer  would  infer  from  these  results  that  every  railway  in 
the  United  States  is  likely  to  be  electrified  in  the  immediate 
future.  The  possible  economies  effected  by  such  substitution, 
however,  when  considered  in  connection  with  the  increase  in 
earning  power  to  be  anticipated,  leads  to  the  conclusion  that 
the  electrification  of  our  railways  is  destined  to  be  carried  on 
much  more  rapidly  than  is  realized  to-day  by  the  average  engi- 
neer, and  emphasizes  the  necessity  of  prompt  standardization 
of  everything  essential  to  convenient  exchange  of  rolling  stock. 

The  communication  from  Mr.  A.  H.  Babcock  is  interesting, 
but  has  no  particular  bearing  on  the  general  railway  problem 
under  consideration.  He  objects  to  our  expressed  opinion  that 
alternating-current  equipment  is  the  only  class  of  equipment 
deserving  serious  consideration  in  connection  with  the  general 
problem   of   heavy   traction.     He   has   fotmd   an   alternating- 
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current  installation  comprising  three  passenger  cars  and  two 
work  cars  weighing  about  40  tons  each.  These  cars  are  oper- 
ated by  26-cycle  single-phase  current  obtained  from  a  60-cycle 
source  through  the  interposition  of  a  motor-generator  set.  The 
energy  is  metered  and  paid  for  on  the  three-phase  side  of  this 
set.  The  conditions  of  service  are  in  no  way  defined,  but  the 
limited  equipment  suggests  a  very  low  load-factor  and  conse- 
quently very  low  efficiency  of  conversion  from  60  cycles  to 
25  cycles. 

Mr.  Babcock  asserts  that  if  the  1200- volt  direct-current 
system  were  used  the  energy  per  ton-mile  would  be* 30%  less. 
This  is  easily  conceivable,  particularly  if  Mr.  Babcock  has  based 
his  calculations  upon  the  use  of  synchronous  converters  in  this 
case  as  against  a  motor-generator  set  as  in  the  other.  The  case 
to  which  he  refers  is  obviously  one  of  ordinary  interurban  trolley 
operation,  with  frequent  stops;  and  in  this  field  many  cases  of 
direct^current  practice  might  be  adduced  in  which  the  energy 
consumed  per  ton-mile,  owing  to  special  and  local  conditions, 
is  comparable  to  that  which  he  has  found  in  this  particular  in- 
stance of  alternating  current.  Obviously,  the  point  which  he 
attempts  to  make  is  not  one  which  will  matenally  influence 
general  conclusions  in  respect  to  the  problem  of  heavy  traction. 
Mr.   Babcock  asserts  his  intention: 

To  reserve  the  right  to  choose  for  every  specific  case  the  type  of 
apparatus  best  adapted. 

In  the  interest  of  the  great  railway  property  for  which  he  is 
retained  as  electrical  engineer,  it  is  to  be  hoped  that  he  will 
bestow  further  consideration  upon  this  very  important  question 
of  engineering  policy.  The  1200- volt  direct-current  system  is 
probably  capable  of  attaining  excellent  results  in  a  limited 
field,  such  as  the  electrification  of  a  terminal,  but  generally 
speaking  the  system  adopted  for  the  electrification  of  a  terminal 
should  be  one  adapted  to  future  extension  to  the  railway  di- 
vision or  even  to  the  trunk  line. 

The  substantial  accuracy  of  the  general  results  of  our  calcu- 
lations relative  to  reduction  of  operating  expense  resulting  from 
the  substitution  of  the  electric  motor  for  the  steam  locomotive 
has  not  been  seriously  questioned.  Our  estimates  of  the  aggre- 
gate output  and  cost  of  power-house  equipment  which  would 
be  required  for  the  operation  of  the  entire  system  of  the  United 
States  rest  primarily  upon  certain  stated  assumptions  as  to 
length  of  line  supply  from  a  given  power  house,  and  to  this -fact 
some  reference  has  ber  n  made  in  the  discussion. 

We  therefore  avail  ourselves  of  the  opportimity  to  supply,  in 
the  form  of  an  appendix  to  our  paper,  an  explanation  of  methods 
used  in  determining  power-house  output  and  load-factor,  a  state- 
ment relative  to  the  efTect  of  resistance  due  to  grades,  and  also  a 
brief  statement   relative   to  recuperation. 
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Clarence  Renshaw  (by  letter) :  Mr.  A.  H.  Babcock  has  con- 
tributed to  the  discussion  of  the  Stillwell-Putnam  paper  by 
letter.  He  describes  his  observations  on  a  visit  to  a  single- 
phase  electric  railway.  I  have  been  intimately  conversant  with 
the  operation  of  this  railway  through  engineering  reports  from 
those  who  have  had  charge  of  the  installation  and  initial  opera- 
tion of  the  apparatus. 

Mr.  Babcock  has  neglected  to  mention  a  number  of  facts  which 
materially  affect  the  conclusions  which  should  be  drawn  from 
the  material  which  he  does  give.  To  overcome  certain  specific 
faults  in  insulation  and  workmanship,  which  developed  in  opera- 
tion, the  motor  armatures  were  rewound.  A  number  of  the 
men  whom  Mr.  Babcock  mentions  were  presumably  engaged 
upon  this  work,  as  the  normal  number  which  is  now  employed 
is  very  much  less. 

During  the  month  to  which  it  is  presumed  Mr.  Babcock  re- 
fers, the  total  car-mileage  of  the  road  was  15,797  miles,  includ- 
ing trailers  and  freight  cars.  The  total  motor-car  mileage  was 
only  13,009  miles,  or  approximately  87  miles  per  car  per  day. 
The  cars  were  operated  at  a  schedule  of  approximately  19.5  miles 
per  hour  between  terminals,  so  that  the  daily  mileage  of  a  car 
represents  only  about  4.5  hours  actual  running.  Under  such 
circumstances,  the  load-factor  in  necessarily  very  low  and  the 
power  consumption,  on  a  car-mileage  basis,  from  the  60-cycle 
circuit,  where  the  power  measurements  referred  to  by  Mr.  Babcock 
were  taken,  is  necessarily  high.  This  was  further  accentuated 
by  the  fact  that,  at  the  time  of  his  visit,  polyphase  generators 
which  were  not  well  adapted  for  this  service  were  used  for  sup- 
plying single-phase  current.  These  have  since  been  modified 
by  rewindmg  them  for  single-phase  operation.  Since  this  modi- 
fication, one  generating  set  is  ordinarily  ample  for  operating 
the  road,  whereas  two  motor-generator  sets  in  parallel  were 
usually  required  during  the  month  to  which  Mr.  Babcock  refers. 
Consequently,  the  conversion  losses  in  the  sub-station  were  ab- 
normally high. 

Even  the  figures  which  are  given — 153  watt-hours  per  ton- 
mile — ^are  not  imusual  when  the  load-factor  is  low.  I  have  a 
test  giving  the  actual  measurements  on  a  road  through  syn- 
chronous converter  sub-stations.  Three  cars  of  28  tons  oper- 
ating on  this  road  required  202  watt-hours  per  ton-mile  during 
the  month  of  January,  1906.  This  illustrates  the  high  power 
requirements  per  ton-mile  when  there  are  but  few  cars  and 
the  load-factor  is  low.  A  comparison  of  these  two  examples 
shows  the  marked  advantage  of  single-phase  operation  under 
such  conditions. 

It  may  be  noted  that  the  company  operating  the  road  to  which 
Mr.  Babcock  refeis  has  given  a  favorable  judgment  on  the 
operation  of  the  road,  as  indicated  by  considerable  extension 
and  an  increase  of  more  than  100  per  cent,  in  their  car  equipment. 
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LINE   CONSTANTS  AND   ABNORMAL   VOLTAGES  AND 

CURRENTS  IN  HIGH-POTENTIAL  TRANSMIS- 

SIGNS 


BY  ERNST  J.  BERG 


With  a  large  number  of  the  very  high  voltage  transmission 
systems  beiag  planned  at  present,  the  information  readily 
available  in  regard  to  capacity,  inductance,  etc.,  of  transmission 
lines,  is  not  sufficient  to  pass  upon  some  of  the  important  ques- 
tions which  necessarily  will  be  brought  up.  Below  are  given, 
therefore,  the  equations  from  which  these  constants  can  be 
determined. 
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^[^■*^-i] 


where  L  is  inductance  per  mile  of  wire  (single  phase  or  three 
phase)  expressed  in  millihenrys;  D  is  the  distance  between  cen- 
tre of  wires  ;♦  d  is  the  diameter  of  wire  in  the  same  unit  as  D. 

The  capacity  between  one  wire  and  neutral,  whether  single- 
or  three-phase  circuit,  is 
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Where  C  is  expressed  in  microfarads  per  mile  of  wire  against 
neutral,  D  and  d  in  the  same  units  as  before,  k  is  the  specific 
inductive  capacity,  which  for  air  is  1. 

Neglecting  the  quantity  }  inside  the  parenthesis  in  the  in- 

*To  be  absolutely  accurate,  D  is  the  distance  between  the  center  of 
one  conductor  and  the  surface  of  the  other. 
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ductance  formula,  which  is  permissible  if  the  distance  between 
the  wires  is  large  compared  with  their  diameter,  we  get 
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We  see  at  once  that  the  product  of  inductance  and  capacity 
is  constant,  regardless  of  the  distance  between  wires  or  their 
diameters,  or 

^^  -  10* 

where  L  is  expressed  in  millihenrys,  and  C  in  microfarads,  both 
referring  to  one  mile  of  wire;  or 
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If  Lj  and  Cj  are  expressed  in  henrys  and  farads;  therefore, 
if  Af  =  number  of  miles  of  wire,  we  get: 

286  Af  * 

where  h\  and  C\  are  the  total  inductances  and  capacities  of 
each  wire  in  the  system. 

The  natural  period]  that  is,  the  frequency  at  which  the  sys- 
tem oscillates  due  to  its  own  constants,  depends  only  upon 
the  inductance  and  capacity,  as  long  as  the  resistance  is  reason- 
ably low  so  that  oscillation  can  occur. 

With  concentrated  inductance  and  capacity,  it  is  expressed 

,  1 

as   /  =  -  ,  --  ,--    . 
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With  distributed  capacity.  Steinmetz  has  shown  that  the 
frequency  is  expressed  by  ^  ;-  where  L  and  C  are  given 

in  henrys  and  farads. 
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Since,  as  shown  above,  the  product  L  C  is  independent  of 
distances  of  conductors  or  their  size,  it  is  therefore  evident 
that  the  natural  frequency  is  also  independent  of  these  constants 
and  depends  only  upon  the  distance  of  transmission. 

Generally,  when  discussing  the  natural  frequency  of  a  line, 
we  mean  the  frequency  which  the  line  would  have  if  charged 
above  the  ground  potential  by  atmospheric  influence,  and 
suddenly  relieved  of  the  charge.  In  this  case  we  should  con- 
sider the  inductance  and  capacity  against  ground.  These  are 
found  by  the  following  equations: 

.         2  X  161000  M     ^.AD 
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where  L^  and  Cq  are  given  in  millihenrys  and  farads;  M  is 
number  of  miles  of  wire ;  D  is  distance  of  the  conductor  above 
the  ground ;  and  d  is  the  diameter  of  the  conductor. 

The  frequency  so  obtained  is,  of  course,  the  same  as  when  using 
the  inductance  and  capacity  between  wires.  A  ready  way  to 
determine  the  natural  frequency  of  the  line  is  to  calculate  it 
from  the  fact  that  the  length  of  the  line  constitutes  one-quarter 
of  the  wave,  so  that,  since  the  velocity  of  electrical  propa- 
gation is  the  same  as  that  of  light,  the  frequency,  for  instance, 
for  a  line  150  miles  long,  is 

187000       ,,^       , 
45050  ^  ^'^  ^y^^^- 

It  is,  of  course,  important  that  the  fundamental  frequency, 
or  that  of  any  prominent  harmonic,  shall  not  be  the  same  as 
the  natural  period  of  the  line,  since,  when  that  is  the  case, 
destructive  resonance  phenomena  are  likely  to  happen. 

It  has  hardly  been  appreciated  that,  of  the  higher  harmonics, 
the  third  cannot  exist  in  a  three-phase  line,  although  it  is  the 
most  prominent  in  the  generator.  (Unless  the  YY  connection  of 
transformers  is  used,  which  is  not  good  engineering.  But  even 
in  that  case  the  triple  harmonic  appears  only  in  the  potential 
against  ground,  never  in  the  voltage  between  the  lines.)  We 
need,  therefore,  consider  the  fifth  harmonic  more  particularly; 
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SO  for  instance,  in  a  line  \50  miles  long,  the  frequency  of  the 
fifth  harmonic  is  obviously  five  times  that  of  the  fundamental. 
Consequently,  in  a  60-cycle  circuit  we  have  300  cycles,  which 
is  very  closely  the  same  as  the  natural  period  of  the  line,  60 
cycles  would  therefore  not  be  feasible  unless  the  line  were  arti- 
ficially loaded. 

It  is  perhaps  opportune  to  give  an  average  value  of  inductance 
and  capacity  in  high-potential  lines.  By  assuming  the  in- 
ductance as  1.75  millihenry s  p^r  mile  of  wire,  and  a  capacity 
of  0.0165  mf.  per  mile  of  wire,  an  error  of  more  than  15%  can 
not  well  be  made,  when  referring  to  trarsmissions  of  from 
30,000  to  100,000  volts  and  conductors  from  0.25  in.  to  1  in. 
in  diameter.  Since,  furthermore,  in  these  high-potential  lines 
it  is  always  necessary  to  have  at  least  two  lines  in  parallel,  it  is 
well  to  bear  in  mind  that  in  doing  so  the  ohmic  drop  is  the  same, 
whereas  the  inductive  drop  is  one  half  and  the  charging  current 
is  twice  as  large  as  with  one  line.  The  reactance  corresponding 
to  certain  inductance  is  expressed  by  the  following  formula: 

mi.  .  2nnL 
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The  charging  ciurent  /q  is  expressed  by  the  following  formula: 
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where  n  is  the  frequency,  L  is  the  inductance  in  millihenrys, 
C  is  the  capacity  in  microfarads,  and  E  is  the  voltage  to 
neutral. 

If  L  and  C  correspond  to  one  mile  of  wire,  x  and  I^  obviously 
also  refer  to  the  same. 

It  is  interesting  to  note  in  connection  with  this,  that,  since 
the  voltage  to  the  neutral  in  a  single- phase  system  is  one-half 
and  in  a  three-phase  system  =  0.58  of  the  line  voltage,  the 
charging  current  per  wire  for  a  given  line  voltage  is  16%  greater 
in  a  three-phase  system  than  in  a  single^phase  system. 

With  the  help  of  these  constants,  we  can  now  readily  cal- 
culate some  of  the  abnormal  phenomena. 

1.  Abnormal  Voltage  and  Current  in  Opening  or  Closing 

A  Circuit 
To  determine  this  it  is  necessary  to  calculate  the  stored  en- 
ergy.   The    energy    in   joules    (watt-seconds    stored    electro- 
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magnetically)  is  0.5  L  P.  The  energy  in  joules  stored  electro- 
statically is  0.5  C  E?,  Where  L  and  C  are  given  in  henry s  and 
farads. 

Therefore,  if  the  line  is  disconnected  at  the  moment  the 
current  has  a  given  value  /,  energy  is  stored  which  must  be 
spent  in  some  way.  The  only  path  for  the  current  is  formed  by 
the  line  capacity,  therefore  the  line  becomes  charged  to  a  cer- 
tain voltage  depending  upon  its  constant;  next  it  discharges 
through  the  inductance  of  the  line,  so  charges  again»  etc.  A 
current  oscillates  in  the  system  until  the  energy  is  dissipated 
by  the  resistance  of  the  line.  Therefore,  with  low  resistance 
there  will  be  many  surges;  with  high  resistance,  few. 

The  two  energy  equations  become: 


0.5LP-0.5C£>         thus     £-/ 


# 


or       •  :.B^C_ 

Substituting  the  average  values  given  above  we  get 
£  «  326  /         and     /  =  Jt 

We  see  from  this  that  the  electromotive  force  induced  on 
opening  a  circuit  is  independent  of  the  length  of  the  line. 

Opening  a  switch  at  full-load  instantaneous  value  of  current. 
In  a  60,000  volt  transmission  of  20,000  kw.  the  rise  will  be 
60,000  volts  per  phase;  consequently,  the  total  voltage  will  be 
almost  trebled.  Intemipting  the  charging  current  will,  however, 
give  a  very  low  rise,  since  the  current  is  so  small  that  there 
is  no  difficulty  to  be  anticipated  by  disconnecting  such  line. 

But,  in  connecting  the  line  the  moment  the  electromotive 
force  is  maximum,  a  very  considerable  instantatieous  current  will 

E 

flaw,na,Taely,  ^^,     Consequently,  with  a  voltage  between  the 

lines  of  60,000,  when  the  voltage  per  phase  is  34,700,  the  current 
would,  be  about  100  amperes;  whereas  the  charging  current 
is  probably  about  10  amperes. 

It  is  also  evident  from  this  that  we  must  use  such  circuit- 
interrupting  devices  as  open  when  the  current  is  small,  prefer- 
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ably  zero.  From  a  great  number  of  oscillograms  we  have  found 
that  our  oil-switches  break  at  zero  value  of  current,  and  we 
find  that  no  rise  in  voltage  will  occur  when  they  are  used. 
Indeed,  from  some  oscillograms  that  have  been  made  in  which 
the  circuit  has  been  opened  by  air-switches,  it  would  seem 
as  if,  when  the  line  voltage  is  suflficiently  high,  the  arc  will  keep 
on  imtil  the  current  value  is  decreased  to  such  a  small  amount 
that,  at  the  time  of  break,  there  is  no  serious  rise  in  voltage. 
A  gust  of  wind  might,  however,  cause  the  circuit  to  be  broken 
when  the  current  is  large,  when,  of  course,  a  rise  would  take 
place. 

It  is  also  interesting  to  note  that,  since  the  rise  in  voltage 
is  independent  of  the  line  voltage,  we  are  likely  to  have  rela- 
tively worse  stresses  with  low- voltage  systems;  although,  to 
be  sure,  if  the  voltage  is  sufficiently  low,  the  likelihood  of  the 
current  being  interrupted  at  any  point  but  the  zero  point  is 
slight.  These  phenomena  of  large  currents  and  high  voltages 
in  a  line  apply  to  grounded  as  well  as  non-grounded  systems. 
i 

2.  Abnormal  Currents  and  Voltage  Stresses  in  Connect- 
ing A  Transformer  to  a  System 

Outside  of  the  ordinary  stresses  between  adjacent  turns,  and 
winding  against  ground,  there  is  a  very  high  potential  stress 
between  the  first  few  turns  of  the  primary  winding  when  the 
transformer  is  connected  to  a  live  line.  The  very  first  instant 
that  connection  is  made,  one  part  of  the  winding  is  raised  to 
line  potential,  whereas  the  rest  of  the  winding  is  still  at  ground 
potential.  Consequently,  th6  full  voltage  exists  between  the 
first  turns.  It  is  therefore  necessary  to  insulate  the  first  few 
turns  extremely  well  as  compared  with  the  succeeding  turns. 

It  is  also  evident  that  when  being  thrown  on  the  line  the 
transformer  may  sometimes  take  a  much  larger  current  than 
the  normal  exciting  current.  If  the  transformer  when  last  used 
was  disconnected  from  the  circuit  when  the  flux  was  at  its 
maximum  value,  the  density  will  decrease  after  a  short  time 
to  about  70%  of  the  maximum  value,  as  can  be  seen  by  stud5ring 
the  hysteresis  loop.  If  now  the  transformer  is  connected  to 
the  circuit  at  such  a  point  of  the  potential  wave  as  requires 
increasing  flux,  the  magnetizing  current  must  be  very  large, 
since  the  iron  is  already  at  70%  of  the  saturation  point.  At 
the  next  instant,  however,  th*  magnetic  condition  will  adjust 
itself,  so  that  the  current  is  normal.     The  first  large  current 
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18,  of  course,  of  very  short  duration,  but  might  well  be  twenty 
times  the  exciting  current  or  two  or  three  times  full  load. 

3.  Abnormal  Voltage  in  a  Non-Grounded  System 

There  Iias  been  a  great  deal  of  discussion  about  grounding 
or  not  grounding  the  neutral  of  transmission  lines.  For  the 
very  high  voltages  considered  at  present,  I  doubt  very  much 
if  anything  but  a  grounded  system  can  be  considered.  When 
operating  at  such  very  high  voltages,  the  difficulties  of  protecting 
a  transmission,  and  indeed  of  building  and  installing  the  appar- 
atus, increases  materially.  In  the  wiring  and  line  itself,  a  min- 
imtmi  size  of  conductor,  which  already  is  quite  large,  is  necessary 
in  order  to  prevent  corona  effects.  This  corona  involves  loss 
in  power  and  is  a  likely  producer  of  nitric  acid,  which  is  detri- 
mental to  adjacent  insulation. 

Investigation  of  corona  effects  in  parallel  conductors — 

Let  /  —  current  flowing  in  conductor. 


Magnetomotive  force  per  unit  length  in  zone 

47r/         2/ 


/ 


2nx 


field  intensity  —  4  tt  Xm.m.f. 


2  nx  X' 


2  / 
and  magnetic  flux  in  the  zone  «=  X  I  Xdx 


thus  total  magnetic  flux  between  wire  and  zone 

R 


s 


211  -^  =  2//-/g-? 
x  ^  r 


neglecting  flux  inside  of  wire. 

^,        ,.         flux         2/  .,     R     , 

thus  L  =  -  ^  -   «---  -Ig  _  henrys. 

Therefore  we  can  write  the  electromotive  force  corresponding 

to  this  flux  £  «  ik  »&  — 

The  flux  between  x  and  R  is 

L,-2/-/g:| 
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and  corresponding  electromotive  force  .    ,  . 


therefore, 


£.  =  Ar  'Ig 


E 


R 


The  potential  gradient  is 

dEx 
dx 


1_ 
X 


'k 


Therefore  the  potential  gradient  at  the  surface  of  the  con- 

E 
H-  and  at  the  inside  of  the  outside  sphere 

r-lg^ 


ductor   is  S  = 


representing  ground  potential: 
S.   =   - 


R'liy 


The  stress  is  therefore  as  much  greater  at  the  conductor 
than  at  the  shell  as  R  is  larger  than  r. 

Obviously,  when  applying  this  to  parallel  conductors,  we 
should  use  as  R  one-half  the  distance  between  conductors,  and 
as  E  the  voltage  to  neutral. 

From  a  number  of  experiments,  it  looks  as  if  the  maximum 
stress  that  can  be  permitted  in  air  is  100,000  volts  per  inch. 
Thus  5  =  100,000.  Based  upon  this  value  we  obtain  the  fol- 
lowing voltages  of  corona: 

No.  10  B&S  No.  4  B&S  No.  000  B&S 


r  =  0.05  in. 

r  =  0.10in. 

r«  0.20  in. 

r  =  0.5  in. 

r— 1  in. 

R 

E 

E 

E 

E 

£ 

5  in 

23000 

39000 

64000 

115000 

161000 

10  in 

26500 

46000 

78000 

150000 

290000 

20  in 

30000 

53000 

92000 

184000 

300000 

50  in 

34500 

62000 

110000 

230000 

390000 

100  in 

39000 

69000 

124000 

264000 

460000 

600  in- 

46000 

85000 

156000 

345000 

620000 
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We  see,  for  instance,  that  in  a  60,000-volt  ungrounded  sys- 
tem, where  the  potential  to  ground  can  readily  be  64,000  volts, 
the  smallest  wire  that  could  be  used  in  carrying  the  line  through 
a  wall  having  a  hole  10  in.  diameter  is  No.  000  B.  &  S.  Any 
smaller  wire  would  give  corona  affects.     No.  4  B.  &  S.  would. 


Fig.  8 


Fig.r 


T 


°v. 


''J 


V 


I 

i 
Fig.  5 


Fig.  6 


at  the  same  voltage,  require  a  hole  of  about  100  in.  diameter. 
-It  is  also  evident  that  if,  as  often  is  the  case,  the  high-potential 
bus-bars  are  carried  in  compartments  within  but  a  few  inches 
of  ground,  we  must  expect  corona  effects,  especially  where  there 
IS  a  sharp  bend  in  the  wires,  whenever  for  some  reason  the  volt- 
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age  is  increased  above  normal.  Incidentally,  we  see  the  de- 
sirability of  using  large  lound  bus-bars  instead  of  small  rectan- 
gular bars. 

The  dielectric  str.^ngth  of  insulating  materials  is  greater  than 
that  of  air»  so  for  instance,  from  a  number  of  experiments,  it 
seems  that  insulation  of  strips  of  rubber  has  a  strength  of  about 
350,000  volts  per  inch;  oil  of  about  200,000  volts  per  inch;  and 
varnished  linen  or  paper  between  250,000  and  300,000  volts 
per  inch.  It  is  evident  from  this  that  we  cannot  subject  this 
insulation  to  higher  stress  than  this  without  causing  deteriora- 
tion. In  the  following  table  is  calculated  how  much  insulation 
is  necessary  with  various  sizes  of  wires  and  materials  of  various 
dielectric  strengths. 

It  is  interesting  to  see  that  even  with  rubber  insulation  we 
should  insulate  a  wire  of  1  in.  diameter  with  about  8  in.  of  in- 
sulation if  subjected  to  500,000  volts  potential  to  ground.  At 
300,000  volts  we  should  need  2.27  in.  of  insulation. 

At  150,000  volts  we  should  need  0.68  in.  of  insulation. 

At  60,000  volts  we  should  need  0.20  in.  of  insulation. 

This  would  give  no  safety  factor  whatever.  At  500,000  volts 
the  smallest  wire  that  can  be  insulated  is  about  1  in.  in  diam- 
eter; at  300,000  volts,  0.5  in.  in  diameter;  at  150,000  volts. 
0.20  in.  diameter;  and  at  60,000  volts,  a  very  small  wire. 

But  limiting  the  stress  to  140,000  volts  per  inch  we  find  that: 

For  500,000  volts  the  wire  should  be  more  than  2  in.  in  diam- 
eter. 
300,000  volts  the  wire  should  be  about  2  in.  in  diameter. 
150,000  volts  the  wire  should  be  just  a  little  less  than  1  in. 

in  diameter. 
60,000  volts  the  wire  should  be  0.20  in.  or  No.  000  B.  &  S. 
30,000  volts  the  wire  should  be  0.10  in.  or  No.  10  B.  &  S. 

It  is  evident  from  this  that  it  is  very  essential  to  keep  the 
maximum  voltage  down  when  considering  voltages  from  60,000 
to  100,000  volts.  By  grounding  the  neutral  we  limit  this  to 
58%  of  the  voltage  between  lines. 

Apparent  erratic  voltage  between  terminal  and  ground. 
When  measuring  the  voltage  between  any  of  the  terminals  and 
ground,  it  is  observed  that  it  is  not  definite  but  depends,  essen- 
tially, upon  the  resistance  in  the  circuit.  This,  however.,  is 
natural,  as  can  be  seen  from  the  following  reasoning: 

Let  e  be  the  voltage  from  terminal  to  ground;  that  is,  the 
voltage  across  the  resistance. 
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Thicknbss  of  Insulation  in  Inchbs  with  Various   Stricssbs  at 
Surface  of  Conductor 


500.000  VOLTS 

TO  GROUND 

r 

5-70,000 

5-140,000 

1   S- 200,000 

5-350.000 

0.05 

5X10" 

5X10* 

2506X10" 

1256X10* 

0.10 

1X10* 

3163X10'* 

708X10* 

158500 

0.20 

6325  X  10** 

;      1125X10* 

53220 

251.6 

0.60 

702400 

628.9 

73.46 

8.189 

1.00 

1258 

34.49 

1        11.16 

3.169 

300.000  VOLTS 

TO  GROUND 

0.05 

7925X10" 

j     1991 X  10" 

5236  XIO^ 

1377000 

0.10 

3981 X  10" 

1995X10* 

322500             1 

324.8 

0.20 

3991X10* 

1     8934 

3598 

14.29 

0.50 

2623.5 

35.72 

9.7 

2.273 

1.00 

71.45 

7.512 

3.478 

1.355 

150.000  VOLTS  ' 

rO  GROUND 

0.05 

1991 X  10" 

99760000 

161800            ' 

262.4 

0.10 

1995X10* 

4666 

179.8            ! 

7.1444 

0.20 

8934 

42.07 

8  283         : 

1.502 

0.50 

35.72 

3.755 

1.739         ' 

0  677 

1.00 

7.512 

1  918 

1.112 

0.535 

60,000  volts  to  ground 

0.05 

1380000 

263 

20.04           1 

1.488 

0.10 

325 

7.15 

1.904 

0.4546 

0.20 

14.3 

1.5 

0.6954 

0.271 

0.50 

2.28 

0.68 

0  4108 

0.2043 

1.00 

1.35 

0.54 

0.35 

0.187 

30,000  VOLTS  T 

O  GROUND 

0.05 

263 

3.6 

0.9525       j 

0.2273 

0.10 

7.15 

0.752 

0.34477     1 

0.1355 

0.20 

1.5 

0.384 

0.2232       1 

0.1041 

0.50 

0.68 

0.27 

0.1748       ! 

0.0934 

1  00 

0.54 

0.24 

0.162 

0  09 

15.000  VOLTS  T 

O  GROUND 

0.05 

3.6 

0.37 

0.10 

0.752 

0.192 

0.20 

0.384 

0.14 

1 

0.50 

0.27 

0.12 

1 

1.00 

0.24 

0.11 
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^0  be  the  generator  voltage  per  phase, 

X  =  capacity  reactance  of  the  system, 

r  =■  the  resistance  between  the  capacity  and  the  terminal. 

We  have  then: 

current  flowing 


and  voltage  across  the  resistance: 


r-jx         Vr  +  Jt' 

With  a  generator  disconnected  from  any  line,  the  charging 
current  against  ground  is,  of  course,  very  slight,  so  that  x  is 
very  large.  Therefore,  for  moderate  values  of  r,  compared  with 
the  values  of  x,  we  see  that  changing  the  resistance  does  not 
materially  change  the  denominator,  but  the  voltage  e  is  pro- 
portional to  the  resistance,  thus  there  is  a  constant-current 
effect.  The  more  resistance  is  put  in  circuit  the  higher  is  the 
voltage.     With  infinite  resistance  the  voltage  is 

^iL  =  0.58^0 
V  3 

Effect  of  slight  leaks  in  switches,  etc.  Assume  next  that  the 
terminal  of  one  phase  through  a  slight  leak  is  connected  to 
ground,  the  voltage  between  the  other  phases  and  ground  will 
then  be  almost  doubled,  being  e  V  3 

If  there  are  two  sets  of  generators  running  independently, 
and  there  is  a  slight  leak  from  one  terminal  of  one  to  that  of 
the  other,  and  also  a  slight  leak  to  ground,  there  will  be  at  times 
3.5  times  as  great  potential  to  ground  as  when  the  neutral  is 
grounded.  This  condition  might  well  occur  when  synchronizing 
machines  or  transformers.  In  circuits  of  moderate  voltage, 
these  voltages  might  not  cause  undue  stresses,  but  with  a  normal 
voltage  of  100,000  it  is  quite  different. 

But  grounding  a  terminal  does  not  always  give  the  same 
results.  A  positive  *'  good  '*  ground  does  not  cause  the  "statics" 
of  an  arcing  ground.  The  reason  is  as  follows:  no  matter  how 
or  where  the  circuit  is  made,  as  long  as  there  is  an  arc  there 
is  a  circuit.  Usually  this  contains  resistance,  reactance,  and 
capacity. 
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With  a  positive  ground,  the  frequency  impressed  is  that  ot 
the  generator,  and  it  would  be  but  a  chance  if  the  values  of 
capacity  and  reactance  should  be  such  as  to  cause  more  than 
slight  resonance.  With  an  arcing  ground,  on  the  contrary,  the 
circuit  is  disconnected,  and  can,  and  will,  oscillate  at  its  own 
frequency,  which  is  such  as  to  give  resonance,  which  means 
such  as  to  give  the  maximum  voltage  and  current. 

To  be  sure,  if,  as  in  our  lightning-arrester,  the  oscillations  are 
damped  out  by  a  judicious  use  of  resistance!  no  dangerous  volt- 
ages occur,  but,  with  accidental  slight  leaks  or  grounds,  it  is 
quite  different.  The  voltages  from  ground  might  then  be 
almost  anything.  Some  protection  is,  of  course,  to  limit  the 
rise  by  grounded  neutral. 

In  an  ungrounded  system,  grave  danger  exists  under  almost 
all  conditions  of  disturbed  service.  For  instance,  a  lightning 
stroke  disables  some  apparatus  so  that  inductance  is  introduced 
in  the  accidental  ground.  Before  the  accident  we  had  a  per- 
fectly balanced  system,  where  the  neutral,  or  ground  potential, 
is  synmietrical  in  reference  to  the  line  conductors,  and  gov<:med 
entirely  by  the  ground  capacities  represented  in  Fig.  5  as  three 
condensers.  If  now  one  line  is  grounded  by  an  impedance, 
.  the  neutral  will  be  displaced  along  line  AB, 

For  convenience  in  demonstrating,  we  can  change  the  diagram 
to  a  single-phase  system,  making  due  allowance,  however,  in 
the  final  conclusions — we  will  reconstruct  the  system  to  another 
shown  in  Fig.  6. 

Let  Y  represent  the  admittance  of  each  condenser  and  Y^  the 
admittance  of  the  impedance  connected  to  ground,  which  is 
electrostatically  the  same  as  connecting  impedance  between 
the  line  and  the  point  of  neutral  potential. 

We  have  then  the  joint  admittance  between  C  and  G  = 

y  +  Vp  therefore  the  joint  impedance  =  \/  y\r  -     '^^^  J^i^^  *^' 

mittance  between  G  and  K  is  2  V,  therefore  the  corresponding 

1  Y 
impedance  is   '-^.    The  total  impedance  is  therefore: 

1     ^    1        sy-hF, 


The  current  is  therefore. 


Y-^-Y^  ■    2Y      2y (y -h  yj 

2^y  (Y^Y,) 


3  Y-k-Y 
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2EY(Y  +  y,)        1  3Y  +  Y 


1 

ay+y, 

Y+Y, 

~  2eY 

a 

2ey(y+y,) 
"     3y+y, 

1 
2y  ■ 

e^Y  +  Y,) 
3Y  +  Y, 

Y  =»  g—  j b^  where  g  is  energy  component  of  current;  6  is 
wattless  component  of  the  current  in  the  condenser. 

y   -  —  +  ^^ 

where  r  is  energy  component  of  electromotive  force  and  x  is 
wattless  component  of  electromotive  force. 

We  will  assume  that  there  is  no  leakage  in  the  line,  therefore 
g  =  Oand  Y  =•  — ;  6. 

We  will  also  assume  that  there  is  no  resistance,  but  only  re- 
actance in  the  accidental  ground  of  the  line. 

Thus     r  =  0     and     Vt  =  /  — 
^       ^  X 

•      L-be 

We  get  then     e,  =  — --      ~     and     e.^=^  -z 

36-—  —-36 

X  X 

If  ^i  «  condenser  reactance,  then 

2  e  X  ,  X,  —X 

and     Cr,  « 


'S  X    -  Xi  *        x^  —'Sx 

1.  Ground  made  by  infinite  reactance.     (No  ground.) 

2c  € 

We  have  then    ^  =  oo ,     e^  =  — —     and     ^2  "=  "o" 

Therefore    in  our  diagram,  the    neutral  lies  at  0,  and  the 
ground  is  symmetrical  in  reference  to  the  three  lines. 

2.  —  =  6,     thus    02  =  0,     and     <?,  =»  ^ 

X 

In  this  case  the  neutral  lies  midways  between  the  two  other 
conductors,  and  0.870  from  the  grounded  line. 
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3.  For  —  —  3  6,      ^,  and  e,  both   become   infinite   showing 

X 

that,  under  such  condition,  the  system  would  be  subjected  tp 
infinite  potential. 

b  is  the  susceptance  of  the  condenser,  therefore  -7-  is  the  con- 

densance  or  capacity  reactance.  We  see,  therefore,  if  one  line 
is  grounded  by  a  reactance  of  one-third  the  condenser  reactance, 
the  system  is  subjected  to  infinite  stresses,  even  at  normal 
frequency.     Energy  losses,  however,  limit  the  value  considerably. 

We  might,  for  instance,  in  such  accident  have  the  line  con- 
ductors 3  ft.  apart  and  separated  by  6  ft.  from  any  wall,  and  yet 
upon  inspection  find  that  each  line  was  connected  through  flames 
to  the  wall,  but  that  there  was  no  flame  between  the  conductors. 

Obviously,  if  the  impedance  had  been  grounded  through  an 
arc,  high  voltages  would  have  resulted,  almost  independent  of 
the  relation  between  capacity  and  inductance.  The  remedy,  in 
that  case,  would  have  been  a  grounded  neutral. 

Static  stresses  of  generator  and  transformer  windings  intro- 
duced by  accidental  ground.  A  ground  might  well  cause  serious 
breakdowns  by  the  static  effect  only.  Consider,  for  simplicity's 
sake,  a  single-phase  system,  consisting  of  a  generator,  a  trans- 
fgrmer,  and  a  line. 

There  is,  of  course,  a  certain  capacity  between  primary  and 
secondary  of  the  transformer  winding.  There  is  also  a  certain 
capacity  between  the  generator  winding  and  the  frame,  which  is 
the  ground. 

With  the  two  lines  symmetrical  and  well  insulated,  there  is 
a  balanced  capacity  against  ground,  thus  the  high-potential 
coils  of  the  transformer  are  at  ground  potential ;  consequently, 
the  low-potential  coils  and  the  armature  windings  are  also  at 
ground  potential.  If  now  one  line  becomes  grounded,  the 
potential  of  the  coil  against  the  ground  is  obviously  one-half 
of  the  line  voltage.  Consequently,  the  low  potential  winding 
acting  as  the  other  plate  of  the  condenser,  is  also  charged  to  a 
certain  potential,  the  magnitude  of  which  depends  upon  the 
relative  capacity  of  the  generator  winding  to  ground  and  the 
capacity  between  the  transformer  windings.  If  they  are  the 
same,  then  one-half  of  the  line  voltage  is  divided  equally  between 
the  primary  and  secondary  of  the  transformer  and  the  gen- 
erator  winding   to   ground.     If   the   capacity   between  trans- 
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former  coils  is  twice  that  of  the  generator  winding  against  ground, 
then  the  generator  winding  will  be  subjected  to  f  times  J,  or 
i  of  the  line  potential. 

,  We  can  readily  see  from  this,  when  a  ground  occurs,  how  the 
generator  might  possibly  break  down,  and  how  in  such  cases 
it  is  important  to  get  at  all  facts.  The  remedy  is  a  system  with 
grounded  neutral. 

'  Haw  to  ground  the  nAitral.  Must  we  ground  the  neutral  per- 
fectly, or  can  we  use  resistance  or  reactance?  Without  going 
further  into  the  question,  it  is  evident  from  the  preceding  in- 
stance that  a  reactance  in  the  ground  connection  is  not  ad- 
visable; there  are,  indeed,  several  good  reasons,  but  resistance 
needs  some  further  discussion. 

In  moderate  voltage  systems,  say  up  to  15,000  or  30,000  volts, 
perhaps  even  higher,  resistance  is  feasible,  since  under  normal 
operation  the  stresses  are  those  of  a  grounded  system.  When, 
however,  one  line  is  grounded  and  the  current  is  limited  by  this 
resistance,  its  function  as  a  neutral  ceases,  and,  as  far  as  voltage 
stresses  are  concerned,  the  system  might  as  well  not  be  grounded. 
It  saves,  however,  a  shutdown  and  permits  the  systems  being 
rearranged  without  interruption  of  service.  For  transmissions 
of  very  high  voltage  I  believe,  however,  that  a  good  solid  ground 
is  best,  since  any  considerable  rise  might  strain  the  insulation 
above  its  safe  limit. 


Discussion  on  "Line  Constants  and  Abnormal  Voltagbs 
..    -  and  Currents  in  High-Potential  Transmissions  ". 

Frank  6.  Baum  (by  letter) :  The  writer  gave  approximate 
rules^for  determining  the  rise  in  voltage,  due  to  interrupting 
a  given  current,  at  a  meeting  of  the  Pacific  Coast  Transmission 
Association  in  1902  and  before  the  Electrical  Congress  at 
St.  Louis  in   1904.     The  rule  given  was 

£  =  200  / 

where  /  is  the  actual  value  of  the  current  in  amperes  at  the 
time  of  interruption.  This  does  not  exactly  agree  with  the 
rule  given  by  Mr.  Berg,  The  important  fact  shown  is  that  the 
higher  the  voltage  the  smaller  the  excessive  strains  due  to 
switching,  etc.  The  approximate  rule  will  undoubtedly  explj  in 
many  things  happening  on  lower  voltage  systems  that  are 
charged  to  lightning,  etc. 

Surges  or  resonance  occur  in  any  transmission  system  inde- 
pendently of  how  the  transformers  are  connected.  The  state- 
ment that  certain  transformer  connections  eliminate  resonance 
should  be  qualified,  as  it  is  liable  to  be  wrongly  interpreted. 


NOTES  ON   HYDROELECTRIC  PLANT  ORGANIZATION 
AND  OPERATION 


BY    PARLEY    OSGOOD* 


In  order  to  discuss  the  several  branches  of  hydroelectric 
plant  organization  in  logical  sequence,  it  seems  desirable  to 
divide  the  subject  into  two  general  headings:  physical  and 
personal.  The  general  heading  physical  organization  may  be 
more  closely  followed  under  the  subdivisions:  hydraulic,  power 
station,  and  line. 

Hydraulic  Department 
.  The  first  matter. to  consider  on  the  hydraulic  end  of  a  system 
is  the  amount  of  water  available  for  power.  If  the  source  of 
power  is  of  such  magnitude  that  only  a  portion  of  the  available 
water  is  needed  to  fulfil  the  requirements  of  a  proposed  develop- 
m3nt,  the  study  will  be  along  different  lines  from  a  development 
which  is  to  take  the  entire  discharge  of  a  river  or  reservoir 
system.  Unfortunately  for  those  interested  in  water-power 
possibilities,  there  are  not  many  sources  of  supply  which  will 
satisfy  the  demands  by  the  use  of  but  a  portion  of  the  water 
obtainable.  As  the  greater  percentage  of  power  developments 
require  the  use  of  the  entire  source  of  water  supply,  this  paper 
will  deal  with  such  types  of  installation. 

The  department  of  Geological  Survey  of  the  United  States 
government  has  accumulated  a  vast  amount  of  data  regarding 
stream-discharges,  drainage-areas,  etc.,  throughout  the  whole 
country,  and  there  are  few  powers  under  consideration  which 
are  not  at  least  partly  covered  by  information  easily  obtainable 

♦The  writer  desires  to  express  his  thanks  to  Mr.  Frederick  Miles  for 
assistaace  in  obtaining  details  of  operation. 
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and  of  gpreat  benefit  to  the  investigating  engineer.  With 
government  records  in  hand,  a  careful  study  of  the  surrounding 
country,  of  a  possible  site,  should  enable  the  investigator 
to  determine  the  limitations  of  development.  The  inclination 
is  to  become  over  enthusiastic  concerning  a  power  study,  which 
naturally  leads  to  disastrous  results,  as  it  means,  if  followed  too 
far,  that  an  installation  will  be  recommended  greater  than  can 
be  used  to  its  full  benefit  continuously. 

in  this  age  of  rapid  development  and  performing  of  great 
engineering  feats,  we  sometimes,  perhaps  too  often,  lack  in- 
clination to  listen  to  our  elders  when  they  discourse  on  the 
happenings  of  their  boyhood  days;  but  when  making  a  study 
of  a  water-power  development  it  is  good  policy  to  make  friends 
with  the  oldest  inhabitant  and  his  contemporaries,  to  draw 
them  into  tales  of  the  terrible  floods,  awful  ice  jams,  and  droughts ; 
for  history  repeats  itself,  we  are  told,  and  any  recurrence  of  such 
happenings  as  may  be  related  by  our  old  friends  of  the  region 
might  blast  forever  the  reputation  of  the  power  investigator, 
if  proper  provisions  are  not  made  to  contend  with  these  diffi- 
culties. The  minimum  and  maximum  discharge  must  be 
determined,  and  then  the  intermediate  periods  worked  out  to 
show  the  number  of  months  in  which  the  average  or  mean 
discharge  is  available  for  practical  purposes.  This  is  best 
shown  by  the  plotting  of  curves  based  on  calculations  giving 
daily  discharges ;  and  the  study  should  cover  a  period  of  as  many 
years  as  can  be  covered  by  accurate  information.  The  maximum 
discharge  can  seldom,  if  ever,  be  fully  utilized;  the  minimum 
discharge  must  be  guarded  against;  and  the  conservative  mean 
discharge  will  be  used  as  a  basis  for  determining  the  canal 
section,  sizes  of  water  wheels,  etc. — all,  of  course,  to  be  con- 
sidered together  with  the  amount  of  fall  obtainable. 

Having  decided  that  a  water  power  will  warrant  development, 
the  next  step  is  to  study  the  most  advantageous  location  of  the 
plant.  There  must  be  a  dam;  that  is,  when  the  entire  supply 
is  to  be  utilized,  and  the  dam  must  be  so  placed  and  constructed 
that  it  can  never  be  carried  away  by  floods,  ice  jams,  or  other 
abnormal  conditions.  Generally  speaking,  dams  of  to-day  are 
built  of  concrete,  many  solid,  some  rock-filled,  and  several 
hollow;  in  the  latter  type  the  concrete  being  merely  a  shell,  as 
it  were,  reinforced  with  steel.  The  ideal  dam  location  will  have 
ledge  for  a  base,  and  ledge  to  which  to  tie  each  end  of  the  dam, 
but  as  this  is  by  no  means  always  possible,  false  floorings,  deep- 
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front  cut-off  walls/ long  wing- walls  at  the  ends  of  the  dam,  and 
many  other  special  features  have  to  be  resorted  to  for  the  sake 
of  security. 

If  a  sufficient  fall  is  obtainable  at  the  chosen  dam-site  the 
development  will  be  a  simple  one,  so  simple  perhaps  that  a  por- 
tion of  the  dam  may  be  used  as  one  wall  of  the  power  station, 
thus  enabling  the  engineer  to  make  the  least  expensive  design  of  a 
complete  hydraulic  plant.  Usually  a  canal  is  necessary  in  order 
to  get  the  full  benefit  of  all  possible  head.  This  canal  may  be 
an  open  one,  or  a  wooden  or  metal  tube.  When  practicable,  the 
open  canal  is  the  least  expensive.  Many  developments  neces- 
sitate a  tube,  especially  in  cases  where  the  storage-pond  is  at 
the  top  of  a  mountain  and  the  power  station  at  its  base.  Wooden 
tubes  reinforced  with  metal  hoops  are  common  throughout  the 
Northwest,  but  eastern  practice  seems  to  favor  the  metal  tube. 
If  an  open  canal  is  decided  upon,  it  is  desirable  to  have  a  waste- 
gate  arrangement  ahead  of  the  intake  or  controlling  gates  of  the 
canal  proper.  This  is  especially  true  when  the  spillway  of  the 
dam  is  a  short  one,  as  sudden  rises  of  a  pond  may  be  difficult 
to  control ;  but  if  the  location  of  the  dam  is  such  that  the  natural 
discharge-area  of  the  pond  or  river  can  be  considerably  increased, 
the  provision  for  wasting  water  ahead  of  the  controlling  gates 
is  not  really  essential.  If  the  development  is  to  include  waste- 
gates,  a  metal  gate  is  preferable  to  a  wooden  one  on  account  of  its 
strength  and  greater  ease  of  operation.  A  stop-log  arrangement 
at  the  mouth  of  the  canal  cut  will  make  it  possible  to  dry  the 
canal  section  ahead  of  the  canal  controlling  gates,  thus  making 
it  possible  to  make  repairs  to  all  the  gates  in  the  head  works. 
If  waste-gates  are  used,  it  is  a  good  plan  to  have  one  of  them 
open  from  the  top  down,  thus  taking  off  surface  debris,  while 
the  other  gates  should  open  from  the  canal  bottom  up,  thus 
ensuring  the  ability  to  dry  the  head  works  section  when  necessary. 

If  the  canal  is  a  long  one,  and  especially  if  it  is  so  situated  as 
to  become  the  drain  of  a  hilly  surrounding  country,  it  is  well  to 
provide  spillways  along  the  canal,  the  top  elevation  of  which 
should  be  lower  than  the  elevation  determined  for  the  berm  of 
the  canal  bank.  Care  must  be  taken  properly  to  protect  the 
canal  bank  at  these  spillway  points,  as  any  lack]of  control  of  this 
waste  water  might  destroy  the  canal  wall.  At  the  lower  or 
power-house  end  of  the  canal  a  forebay  or  small  reservoir  de- 
velopment is  a  good  feature  in  order  to  steady  the  water  at 
the  entrance  of  the  penstock  or  flume  to  which  the  water  wheels 
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are  directly  connected.  If  the  canal  is  a  long  one  and  of  such 
small  cross-sectional  area  as  to  necessitate  any  appreciable 
velocity  of  the  water,  a  forebay  is  practically  indispensable, 
else  sudden  increases  of  load  on  the  station  will  cause  great  dis- 
comfort owing  to  the  inability  to  feed  the  water  wheels  fast 
enough.  It  is  well,  too,  to  provide  the  forebay  with  an  ample 
spillway,  as  a  final  safeguard  in  times  of  flood  occasioned  by 
either  natural  or  accidental  causes.  All  the  spillways  along  the 
canal  and  at  the  forebay  should  contain  waste-gates  in  order  to 
make  it  possible  to  drain  the  canal  quickly  in  case  of  accident 
to  any  part  of  it.  If  a  portion  of  the  canal  wall  goes  out,  or  even 
starts  to  fail,  many  thousand  dollars  may  be  saved  by  being  able 
quickly  to  relieve  the  injured  part  of  the  water  pressure  against 
it.  In  a  tubular  canal  care  must  be  taken  to  provide  secure 
anchorages  at  proper  intervals,  as  there  will  be  a  constant 
tendency  of  the  flume  to  slide  downhill,  although,  of  course, 
the  weight  of  the  water  carried  by  the  flume  will  greatly  in- 
crease its  frictional  grip  on  the  surface  upon  which  it  rests. 

In  either  an  open  or  closed  canal  development,  trash-racks 
are  necessary  to  keep  floating  substance  out  of  the  wheels. 
Trash-racks  are  usually  made  of  metal  slats,  or  metal  bars, 
arranged  in  sections,  and  preferably  designed  in  vertical  sections 
as  well.  A  rack-section  should  not  exceed  four  feet  in  width; 
two  feet  is  better.  The  rack-hoisting  machinery  should  be 
housed,  and  the  front  of  the  building  can  be  carried  out  over 
the  racks  with  the  front  wall  built  down  to  form  a  curtain  wall 
in  the  water  ahead  of  the  racks.  This  curtain  wall  acts  both 
as  a  boom  and  as  a  means  of  sealing  the  building.  It  is 
best  to  heat  the  rack  building  during  the  ice  season,  as  it  will 
help  to  keep  the  racks  free  of  ice,  to  say  nothing  of  the  comfort 
to  the  man  in  charge. 

If  the  racks  are  built  in  vertical  sections,-  properly  pinned 
together,  a  rack  can  be  easily  removed  by  one  man  with  the  aid 
of  a  small  differential  chain-hoist  which  should  be  part  of  the 
rack-house  equipment  and  designed  to  run  on  an  elevated  track 
placed  so  that  the  hoist  may  be  brought  directly  over  each 
rack-section.  The  vertical  rack-section  allows  sufficiently  light 
sections  to  be  comfortably  handled  when  out  of  position,  thus 
greatly  facilitating  cleaning  and  repairing. 

If  the  power  station  is  not  to  be  directly  connected  to  the 
forebay,  a  penstock  or  flume  will  be  necessary.  This  penstock 
must  be  protected   against   water-hammer  occasioned   by  the 
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sudden  release  of,  or  wide  swings  in,  the  load  on  the  station, 
which  would,  by  means  of  the  water-wheel  governors,  shut  off  the 
passage  of  water  through  the  wheels,  thus  leaving  no  outlet  for 
the  water  at  the  lower  end  of  the  penstock.  It  can  easily  be 
seen  that  should  this  condition  arise  in  a  penstock  of  any  material 
length  without  relief  devices,  it  would  not  be  tmreasonable  to 
expect  the  penstock  to  burst.  This  would  bring  about  a  calamity 
for  which  few  engineers  would  care  to  be  held  responsible. 

This  water-hammer,  or  hydraulic  ram  effect,  is  overcome  in 
two  ways;  first,  by  the  use  of  a  relief- valve  near  or  at  the  lower 
end  of  the  penstock,  this  valve  to  be  set  to  operate  at  a  pressure 
slightly  higher  than  the  normal  operating  pressure  on  the  pen- 
stock; secondly,  by  the  continuation  of  the  penstock  at  its  lower 
end  to  a  perpendicular  height  equal  to  the  elevation  of  the 
water-level  in  the  forebay — the  continued  section  usually  to 
be  of  a  somewhat  smaller  area  than  the  main  penstock.  The 
latter,  or  standpipe  method,  is,  of  course,  only  practicable  when 
jtbe  discharge  from  the  top  can  be  properly  cared  for  outside 
the  power  station.  Where  the  development  necessitates  the 
terminating  of  the  penstock  in  or  under  the  station,  the  relief 
valve  is  used  with  its  proper  discharge  tube  into  the  tailrace. 

To  guard  against  the  rather  unusual  occurrence  of  having  the 
penstock  in  danger  of  collapsing  due  to  the  water  being  suddenly 
taken  from  it,  it  is  desirable  to  place  one  or  more  vent-pipes  at 
the  upper  end  of  the  penstock.  The  vent  should  be  large  enough 
to  perform  its  duty  when  called  upon,  a  fact  not  always  ap- 
preciated by  the  designing  engineer.  The  vent-pipe  should  be 
encased  and  kept  from  freezing.  If  a  stand-pipe  is  part  of  the 
outfit,  ix  should  be  encased  and  kept  from  freezing,  and  the 
surface-water  at  its  top  should  receive  sufficient  heat  to  keep 
it  open.  The  heating  of  the  stand-pipe  may  be  easily  accom- 
plished l)y  either  steam  or  electricity;  it  is  best  handled  by 
havinjg^  it  included  in  whatever  system  is  used  to  heat  the  piower 
station. 

rt  would  at  first  seem  proper  to  include  the  water-wheels  in 
these  notes  on  the  hydraulic  department,  but  as  the  wheels 
really  form  part  of  the  power  station  equipment,  and  are  usually 
wholly  or  partly  within  the  walls  of  the  building,  they  will  be 
considered  under  that  classification. 

Power-Station  Department 
As  soon  as  the  power  station  comes  into  consideration,  it  is 
necessary  to  go  to  the  other  end  of  the  line  and  study  the  field  of 
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work  to  be  fed  by  the  station,  as  surely  the  natiire  of  the  load 
must  determine  the  characteristics  of  the  generating  units.  If 
the  power  development  is  to  be  one  of  any  great  magnitude,  it 
will  usually  be  designed  to  do  general  work  including  street  and 
commercial  lighting,  electric  railway  service,  and  the  factory 
power  business — ^thus  carrying  a  direct  load,  as  well  as  a  syn- 
chronous and  inductive  load. 

Without  question  the  current  will  be  alternating.  General 
practice  favors  three-phase  current.  As  street  lighting  is  apt  to 
be  a  feature,  the  generating  will  be  at  a  high  number  of  cycles; 
40  at  least,  and  usually  60.  Railway  men  prefer  25  cycles,  of 
course,  but  that  part  of  the  load  can  be  made  a  sub-station 
study.  As  these  notes  bear  directly  on  the  power  and  transmis- 
sion end  of  the  business,  and  as  the  time  is  limited,  we  will  not 
consider  the  secondary  end  in  this  paper.  After  the  character 
of  the  load  is  known,  and  assuming  that  three-phase,  60-cycle 
alternating  current  is  to  be  furnished,  the  next  step  is  to  deter- 
mine the  transmission  voltage. 

The  principal  factor  in  determining  the  transmission  voltage 
is  the  length  of  the  proposed  line.  If  the  field  of  work  is  near 
at  hand  a  low  voltage  maybe  desirable,  even  as  low  as  10,000 
volts,  or  in  special  cases  6600  volts.  Under  such  conditions 
step-up  transformers  are  unnecessary,  for  a  machine  voltage 
up  to  11,000  volts  is  entirely  within  the  limits  of  good  practice. 
If,  however,  many  miles  of  line  are  required,  the  transmission 
voltage  should  not  be  lower  than  24,000  or  preferably  33,000. 
Perhaps  50,000  or  60,000  volts  would  be  better  to  meet  all  the 
conditions.  As  33,000  volts  is  a  very  common  transmission 
voltage,  we  will  continue  under  the  assumption  that  these  notes 
bear  on  plants  of  that  or  a  higher  voltage,  thus  bringing  in  the 
necessity  of  step-up  transformers. 

Having  learned  the  character  of  the  load  and  determined 
the  transmission  voltage,  it  is  now  necessary  to  return  to  the 
water -vvheels  to  find  out  what  speed  may  be  obtained  from  them. 
This,  of  course,  will  be  determined  by  the  amount  of  available 
head,  and  that  factor  will  in  turn  determine  the  voltage  of  the 
generator  units.  As  a  rule,  it  is  not  advisable  to  have  the  gen- 
erator voltage  above  2300  volts,  unless  the  generators  are  to 
have  a  very  large  kilowatt  capacity,  say  over  2000  kw.  The 
water-wheel  and  the  generator  must  be  considered  together,  for 
an  arbitrary  specification  feature  of  one  might  well  be  beyond  the 
mechaiycal  or  electrical  possibility  of  the  other.    When  genera- 
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tor  requirements  and  water-wheel  limits  cannot  be  brought  into 
a  reasonably  close  relationship,  then  gears  and  belts  have  to  be 
resorted  to,  and  that  is  not  desirable.  Direct-connected  work 
is  the  best,  but  an  engineer  should  not  ruin  his  station  by  im- 
practical arrangements  just  to  obtain  direct-connected  prime 
movers. 

The  available  head  is  the  first  point  of  interest  to  the  wheel 
designers,  and  secondly  the  flow  of  the  stream.  In  low  heads, 
and  therefore  moderate  pressures,  the  wheels  are  sometimes 
placed  in  chambers  in  the  forebay  or  headrace,  the  shaft  running 
through  the  station  wall,  the  generator  being  direct  connected 
to  it.  When  possible,  this  makes  a  very  good  arrangement, 
but  provision  should  be  made  to  shut  the  water  out  of  these 
wheel-chambers,  and  also  to  drain  these  chambers  in  order  to 
get  at  the  wheels  for  inspection  and  repairs.  As  this  arrange- 
ment of  wheels  will  start  with  the  opening  of  the  turbine-bucket 
gates  and  draught-tube,  it  does  away  with  the  necessity  of 
hydraulic-valve-operated  gates,  or  in  fact  all  other  gates,  which 
is  greatly  in  its  favor.  In  a  fairly  high-head  development  a 
penstock  is  required  and  the  wheel-chamber  scheme  is  im- 
practicable. 

In  high-head  work  the  wheels  are  usually  inside  the  power 
station  building  and  are  encased  in  a  large  metal  chamber  used 
as  a  water-jacket.  This  arrangement  will  require  some  sort  of 
a  gate  within  the  station,  and  it  will  be  best  to  have  the  gates 
hydraulically  operated,  but  care  must  be  taken  to  have  the 
operating  device  large  enough  to  do  its  work  unhesitatingly.  It 
is  well  to  have  a  second  gate  outside  of  the  building  in  order  to 
keep  water  out  of  the  wheel-cases  when  the  interior  gate  needs 
repairing. 

A  by-pass  around  the  gate  is  essential  in  this  type  of  wheel, 
in  order  to  fill  the  water-jacket  of  the  wheel  before  attempting 
to  raise  the  interior  gate,  thus  helping  to  equalize  the  pressure 
on  each  side  of  the  gate,  and  greatly  relieving  the  gate-raising 
equipment.  This  by-pass  arrangement  can  be  cast  in  the  gate 
and  controlled  by  a  hand-operated  valve.  This  scheme  is  pre- 
ferable to  a  pipe  and  valve  tapped  into  the  intake  pipe  and 
wheel-case. 

An  electrically  driven  device  can  be  used  to  operate  these 
wheel-gates,  the  motor  being  driven  by  current  from  the  exciters, 
thus  putting  the  matter  in  the  hands  of  the  operator — a  desirable 
thing  in  case  of  accident  to  a  wheel  requiring  a  quick  shut- 
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down.  In  very  high  head-work  impulse  wheels  are  used,  the 
.  governors  being  used  to  deflect  the  stream  from  the  nozzles 
rather  than  to  open  or  close  a  gate  equipment.  There  are 
many  makes  of  good  water-wheels  in  America,  the  choice  is 
merely  the  decision  as  to  the  wheel  best  suited  to  the  conditions 
at  hand. 

The  water  condition  again  becomes  a  factor  whfen  determining 
the  capacity  of  the  generator  units,  for  it  is  desirable  to  have  at 
least  one  unit  which  will  be  about  equal  to  the  minimum  kilowatt 
output  of  the  stream  during  periods  of  low  water.  It  is  ad- 
vantageous to  have  all  units  of  an  equal  capacity,  but  in  low 
heads,  with  streams  of  great  diflFerence  in  minimum  and  average 
flow,  this  is  often  impossible.  If  all  units  are  of  equal  capacity, 
it  makes  them  interchangeable  and  thereby  greatly  reduces 
the  stock  of  extra  parts  to  be  carried. 

When,  however,  the  average  flow  of  a  stream  would  warrant 
2000-kw.  units  for  general  service  conditions,  but  the  minimum 
period  would  not  develop  over  500  kw.,  it  is  at  once  apparent 
that  a  2000-kw.  machine  would  give  poor  service  during  the 
low-stage  period ;  for  a  machine  works  best  when  loaded,  or 
nearly  loaded,  to  its  rated  normal  capacity.  These  points  are  to 
emphasize  the  fact  that  the  hydraulic^^and  electrical  features 
must  be  considered  together. 

The  most  convenient  arrangement  of  units  is  in  a  single  row, 
and  if  possible  on  horizontal  shafts  with  plenty  of  room  between 
units  for  the  water- wheel  governors,  and  for  the  operators  to 
pass  comfortably  between  moving  machines.  Many  a  station 
is  ruined  by  crowding  the  machines,  and  as  water-driven  stations 
are  generally  in  rather  isolated  locations,  the  matter  of  land-cost 
is  not  an  alarming  factor,  and,  therefore,  lack  of  room  is  in- 
I  excusable. 

I  The  exciting  units  should  be  of  sufficient  capacity  to  run  the 

whole  station  with  but  one  exciter.     Motor-generator  sets  or 
I  electric-driven  exciters  are  a  good  thing,  as  after  the  station  is 

!  in  operation  the  water-driven  exciters  can  be  shut  down,  thus 

'  saving  water.     There  must  be  a  water-driven  exciter,  or  else 

the  station  cannot  be  started  up.  There  should  be  two  water- 
driven  exciters,  one  reserved  as  a  spare.  It  is  possible  to  cariy 
an  exciter  on  the  main  shaft  of  the  generator,  usually  on  the  outer 
end.  In  some  cases  each  machine  may  carry  its  own  exciter, 
one  or  two  machines  only  may  carry  exciting  units  of  sufficient 
capacity  for  the  entire  station.     Belted  exciters,  from  a  pulley 
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on  a  machine  shaft,  are  sometimes  used,  but  rarely  in  any  but 
very  small  plants. 

Individually  driven  exciters  are  without  question  the  best 
type.  An  exciter  driven  by  a  larger  unit  necessitates  the 
wasting  of  water.  If  for  any  reason  the  larger  generator  is  unable 
to  carry  its  portion  of  the  load — and  all  machines  require  atten- 
tion and  repairs — the  arrangement  of  each  generator  carrying  its 
own  exciter  is  a  poor  one,  for  if  the  water-wheel  speed  is  affected, 
or  the  generator  speed  is  momentarily  changed  by  load  fluctua- 
tions, then  the  exciter  voltage  follows  the  change.  Frequently, 
then,  the  very  opposite  effect  from  the  desired  one  is  the  result. 

The  location  of  the  exciters  is  largely  determined  by  the 
location  of  the  operating  switchboard,  as  the  exciting  machines 
should  be  in  sight  of  the  operator  at  the  switchboard-  The 
best  location  for  the  switchboard  is  on  a  gallery  high  enough 
from  the  floor  to  allow  the  operator  to  see  all  machines  at  once. 
The  switchboard,  if  it  does  not  extend  the  entire  length  of  the 
gallery,  should  be  in  the  centre;  in  such  cases  the  water-driven 
exciters  will  be  most  easily  observed  if  directly  opposite  the 
centre  of  the  gallery,  with  the  electric  driven  exciter,  if  one  is 
used,  on  the  gallery.  If  for  any  reason  the  switchboard  must  be 
on  the  floor,  the  exciters  should  be  in  sight  from  it :  if  the  switch- 
board has  to  be  at  the  end  of  the  building,  as  is  sometimes  the 
case,  have  the  exciters  on  the  end  instead  of  in  the  centre  of  the 
station. 

Water-wheel  governors  give  the  best  results  when  placed  as 
ne^r  the  wheels  as  possible;  they  should  be  electrically  con- 
trolled from  the  switchboard,  thus  making  it  possible  for  the 
operator  instantly  to  change  the  action  of  a  governor.  There 
ace  many  types  of  governors,  the  foreign  types  being  es- 
pecially good  for  very  large  unit  work,  but  there  are  American- 
made  governors  which  are  very  efficient,  giving  entirely  satis- 
factory results.  American  governors  can  be  purchased  for 
about  half  the  cost  of  an  equally  good  foreign  make. 

If  the  conditions  will  permit  of  a  gallery,  a  very  comfortable 
layout  can  be  planned.  The  low-tension  bus-bars  are  well  out 
of  the  way,  yet  accessible,  if  placed  overhead  at  the  back  of  the 
gallery.  If  such  an  arrangement  is  chosen,  it  is  a  convenience 
to  have  each  set  of  bus-bars  at  different  heights  from  the  floor, 
but  not  over  one  another.  The  low-tension  bus-bars  can  also 
be  well  arranged  if  placed  in  hangers  just  under  the  floor  of  the 
gallery,  although  in  this  arrangement  the  switchboard  wiring 
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cannot  be  so  well  cared  for,  as  proper  bus-bar  clearance  must  be 
provided. 

Between  the  machines  and  the  bus-bars  there  should  be  both 
knife-switches  and  oil-switches,  the  former  to  protect  the 
latter,  as  sometimes  an  oil-switch  fails  to  act  properly.  The 
oil-switches  should  be  motor-driven,  but  the  hand-operated 
oil-switches  are  cheaper  and  are  safe  for  low-tension  work. 

All  cables  should  be  carried  in  ducts  or  troughs,  and  these 
conduits  should  be  so  arranged  that  they  cannot  retain  water 
should  any  get  into  them  accidentally.  Where  the  cables  are 
carried  along  walls,  it  is  good  practice  to  run  them  between 
cement  panels,  which  oftentimes  are  enclosed  except  at  the 
cable  supporting  points — where  square  holes  are  left — to  enable 
the  operator  to  inspect  or  change  a  support.  The  oil-switches 
are  well  located  if  placed  under  the  gallery,  though  some 
operating  engineers  prefer  them  on  the  gallery  directly  under- 
neath the  low-tension  bus-bars.  Oil-switches  are,  of  course, 
placed  in  individual  chambers,  often  iron,  and  just  as  often 
brick  or  cement.  It  is  not  an  unusual  practice  to  close  in  the 
front  of  the  chamber  with  a  metal  curtain,  but  by  so  doing  the 
action  of  the  switch  is  concealed.  It  is  far  better  to  have  a 
thick-glass  panel  in  the  front  of  the  switch-chamber,  this  glass 
to  be  set  preferably  in  a  metal  frame.  These  frames  can  be 
built  to  contain  a  light  of  glass  for  each  phase  of  the  oil-switch, 
thus  making  it  possible  for  the  attendant  to  see  the  switch  at  all 
times,  which  is  desirable  both  for  mechanical  and  personal 
reasons. 

A  good  position  for  the  generator  ^eld-rheostats  is  on  the 
gallery  at  the  back,  or  immediately  back  of  and  above  the 
switchboard.  In  any  event,  rheostats  should  not  be  placed 
under  the  gallery  floor  so  that  the  heat  from  them  will  heat  the 
floor  of  the  gallery. 

The  switchboard  is  best  located  in  the  centre  of  the  gallery 
and  far  enough  back  to  enable  the  operator  to  pass  in  front  of  it 
without  danger  of  his  clothing  coming  in  contact  with  any 
apparatus  on  the  board,  so  he  can  safely  turn  his  back  on  the 
switchboard  when  he  is  watching  the  action  of  the  equipment  on 
the  floor  of  the  station. 

The  voltage-regulators  can  be  placed  on  a  panel  in  the  switch- 
board, preferably  on  or  next  to  the  exciter  panels,  or  they  can  be 
hung  on  supports  at  the  end  of  the  switchboard. 

The  synchronizing  device  should  be  placed  so  as  to  be  visible 
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from  the  govemoj:  of  every  unit.  In  long  stations  two  syn- 
chronizing indicators  are  desirable,  being  hung  to  swing  at  each 
upper  comer  of  the  switchboard. 

Automatic  line  devices  are  essential,  and  excellent  results 
are  obtained  by  the  three-phase  bellows  type  time-Umit  overload 
relay,  the  same  to  close  the  circuit  on  the  motor  operating  the 
line  oil-switch,  thus  opening  the  line.  The  device  itself  can  be 
placed  on  the  back  of  the  line  panel  of  the  switchboard,  but  the 
transformers  for  the  relays  should  be  placed  immediately  back 
of  the  low-tension  side  of  the  step-up  transformers.  This 
placing  of  these  relay  transformers  is  particularly  desirable 
when  ther  J  is  more  than  one  transmission  line  and  the  lines  are 
operated  in  parallel. 

If  the  relay  transformers  are  not  placed  on  the  line  side  of  the 
oil-switch,  especially  the  paralleling-switch,  there  will  be  a 
flow  of  current  through  the  paralleling-switch,  which  will  at 
times  make  the  relay  fail,  or  at  least  so  delay  action  that  its 
service  is  too  late,  often  causing  uncomfortable  results. 

Many  engineers  prefer  to  have  the  high-tension  chamber  of  a 
development  in  a  separate  building;  this  is  not  necessary,  but  the 
high-tension  room  should  be  entirely  separated  from  the  operat- 
ing room  by  a  heavy  fire-proof  wall,  either  brick  or  concrete. 
A  suitable  layout  of  the  high-tension  chamber  of  a  power 
system  is  of  great  importance,  the  chief  requisite  being  plenty 
of  room.  In  three-phase  systems,  single-phase  step-up  trans- 
formers should  be  used,  and  the  oil-filled  water-cooled  type  is 
the  best.  The  equipment  connected  to  the  high-tension  end  of  the 
system  and  to  the  transmission  lines  receives  the  greatest  insul- 
ation strains,  and  an  oil-filled  water-cooled  transformer  has  a 
much  higher  insulation  breakdown  point  than  an  air-blast 
transformer. 

If  the  transformers  are  subjected  to  abnormal  pressures,  as 
in  the  case  of  lightning  storms,  surges,  etc.,  it  is  unusual  to 
have  more  than  one  fail,  as  the  very  failure  discharges  the 
disturbing  high  pressure;  therefore,  if  single-phase  transformers 
are  used,  the  station  loses  the  capacity  of  but  one- third  of  the 
bank,  and  if  spares  are  not  available,  the  remaining  two  trans- 
formers may  be  re-connected  and  put  into  service.  If  three- 
phase  transformers  are  used,  much  inconvenience  may  result 
from  a  breakdown.  Single-phase  transformers  are  more  costly 
than  three  phase,  but  the  money  is  well  spent. 

The  cables  from  the  line  oil-switches  will  terminate  in  some 
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sort  of  a  bus-bar  arrangement,  to  which  will  be  connected  the 
low-tension  leads  of  the  step-up  transformers.  These  bus-bars 
should  not  be  supported  on  hangers  fastened  to  the  transformer 
cases,  but  should  be  placed  on  the  wall  back  of  the  transformers 
or  one  on  a  separate  bus-bar  supporting  frame. 

The  terminals  of  the  transformer  leads  should  be  split  or  of 
some  quickly  detachable  type,  or  else  much  time  will  be  wasted 
in  getting  an  injured  transformer  out  of  service  and  making  the 
re-connection  of  the  remaining  two  of  the  bank. 

A  hoisting  crane  is  a  dangerous  thing  in  most  high-tension 
rooms,  and  therefore  it  will  be  a  convenience  to  have  a  flush- 
track  under  and  in  front  of  the  transformers.  The  transformers 
can  be  jacked  up  on  to  a  low  truck  which  will  run  on  the  tracks, 
or  each  transformer  may  be  equipped  permanently  with  wheels 
to  run  on  the  track. 

As  the  failure  of  a  step-up  transformer  is  really  a. serious 
matter,  and  as  such  an  accident  may  occur  at  the  time  of  a 
peak  load,  it  is  good  insurance  to  carry  an  extia  bank  of  trans- 
formers, the  same  to  be  ready  for  service  and  arranged  to  be 
cut  in  merely  by  the  throwing  of  a  set  of  switches.  A  single 
transformer  as  a  spare  is  of  course  better  than  no  spare  at  all, 
but  the  spare  bank  is  the  true  solving  of  the  problem. 

Between  the  step-up  transformers  and  the  high-tension  bus- 
bars come  the  multiple-switches,  or  the  switches  so  connected 
as  to  make  it  possible  to  cut  in  any  bank  of  transformers  on  any 
outgoing  line.  These  switches  are  usually  knife-switches,  although 
in  very  large  developments  high-tension  oil-switches  are  used. 
For  most  purposes  the  knife-switches  are  sufficient,  as  the 
transformer  bank  is  killed  by  the  oil-switch  on  the  low-tension 
side.  If  many  banks  of  transformers  are  used,  or  if  there  are 
several  outgoing  lines,  the  connections  between  the  multiple 
switches  and  the  high-tension  bus-bars  may  be  much  simplified 
by  the  use  of  sectionalized  bus-bars.  To  the  high-tension  bus- 
bars are  connected  the  transmission  line,  and  these  connections 
should  be  made  through  switches;  knife-switches  are  sufficient. 
At  first  this  may  not  seem  necessary,  but  the  induction  effects 
from  parallel  transmission  lines  usually  make  these  switches 
the  best  friends  of  the  operators. 

Just  before  the  lines  leave  the  high-tension  room  are  the 
taps  to  the  lightning-arresters.  Some  engineers  prefer  to  have 
the  protective  devices  in  a  separate  building,  but  if  the  high- 
tension  chamber  is  well  arranged  it  is  perfectly  safe  to  install 
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the  arresters  in  it,  and  it  is  a  good  thing  to  have  the  action  of 
the  arresters  observed  by  the  operator.  As  the  lightning- 
arrester  problem  is  a  study  in  itself,  and  as  the  writer  is  pre- 
paring some  detailed  information  to  be  used  at  a  future  meeting, 
supplementing  the  paper  given  by  him  at  the  1906-  annual 
convention,  it  hardly  seems  wise  at  this  time  to  get  too  deeply 
into  this  very  fascinating  subject.  The  arresters  shotild  be 
given  plenty  of  room  and  should  be  installed  so  as  to  be  quickly 
and  easily  handled,  preferably  within  reach  from  the  floor. 
If  two  or  more  transmission  lines  are  used,  it  is  good  practice 
to  have  two  complete  spare  acrester  equipments,  no  matter 
what  type  of  arrester  is  used. 

Reactance  or  choke-coils  in  the  line  between  the  arrester 
taps  and  the  high-tension  bus-bars  have  been  proved  to  be  of 
great  benefit,  many  a  bus-bar  insulator  and  transformer  lead 
having  been  saved  by  their  use. 

Beware  of  the  use  of  slate  as  a  material  for  the  hoods  through 
which  the  lines  pass  in  leaving  the  building.  Glass  is  the  best 
material.  Simply  a  hole  in  the  wall  is  sufficient,  but  it  is  de- 
sirable to  be  protected  from  the  cold  air  in  winter  and  also  from 
small  birds,  who  seem  to  feel  that  the  power  station  is  built 
for  their  special  convenience. 

Space,  plenty  of  it,  is  the  secret  of  good  high-tension  chamber 
design.  If  any  crowding  has  to  be  done,  let  it  be  anywhere 
but  in  the  high-tension  room,  or  else  forever  keep  away  from 
the  man  who  runs  the  station. 

Line  Department 

A  few  years  ago  the  question  of  material  for  a  pole  line  was 
scarcely  given  a  thought,  as  wooden  pole  construction  was  a 
universal  practice.  Experience  brought  out  the  fact  that  the 
poles  which  lasted  the  longest  were  of  wood  indigenous  to  the 
locality  in  which  they  were  used.  Wooden  pole  lines  through 
the  south  were  subject  to  attacks  from  insects  of  various  kinds, 
and  the  high  voltages  coming  into  favor  set  the  wooden  poles 
on  fire  when  an  insulator  failed,  and  so  metal  poles  became 
desirable  and  in  many  cases  a  necessity.  Generally  speaking, 
it  is  economical  to-day  to  construct  a  metal  pole  line,  and  it  is 
more  satisfactory  from  an  operating  standpoint. 

Metal  towers  vary  greatly  in  price,  as  a  simple  tower  con- 
sisting of  a  large  iron  or  steel  pipe  guyed  four  ways  will  not  cost 
over  $70  placed,  while  a  heavy  angle-iron    tower,  or  iron-pipe 
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tower,  built  up  in  triangular  or  quadrangular  iormation,  may 
cost  $175  to  $250  placed.  The  lattice  tower  built  with  foot 
plates  to  bolt  to  a  concrete  base  can  be  made  very  costly  when 
finally  placed.  The  maintenance  and  depreciation  charges 
against  metal  towers  are  very  much  lower  than  against  wooden 
poles.  The  towers  being  stronger  and  usually  somewhat  higher, 
the  section-lengths  may  be  increased,  thus  making  it  possible 
to  have  fewer  towers  than  wooden  poles.  This  is  a  saving; 
it  decreases  the  number  of  insulators  required,  and  thus  de- 
creases the  number  of  possible  points  of  breakdown.  The 
towers  are  virtually  indestructible,  and  the  fact  that  they 
ground  the  system  in  times  of  trouble  is  not  a  great  detriment 
but  is  often  a  real  benefit. 

The  question  of  copper  or  aluminum  conductors  is  still  an 
open  one,  there  being  many  points  in  favor  of  each.  There 
is  not  a  great  saving  in  the  use  of  aluminum,  as  the  market 
price  is  governed  by  the  market  price  of  copper.  The  electrical 
properties  of  aluminum,  as  compared  with  copper,  make  it 
necessary  to  have  nearly  twice  the  sectional  area  in  an  aluminum 
conductor,  so,  all  things  considered,  the  net  financial  result  is  not 
so  greatly  in  its  favor  as  is  generally  supposed.  Copper  is  more 
quickly  obtained  on  orders,  but  aluminum  is  more  quickly  put 
in  place,  as  it  is  so  easily  handled  on  account  of  its  lightness. 
Practice  indicates  that  a  copper  conductor  will  remain  intact 
at  the  point  of  an  arc  for  a  longer  time  than  will  aluminum,  and 
while  this  is  a  good  feature  on  a  wooden  line — it  may  bum  off 
the  cross-arm,  and  thus  clear  the  trouble — it  is  impossible  on  a 
complete  metal  line,  as  there  is  nothing  to  bum  off  and  a  sus- 
tained ground  on  the  line  may  bring  failure  elsewhere  in  the 
system. 

At  first  it  would  seem  that  a  modification  of  a  metal  line  is 
advisable,  and  therefore  a  metal  tower  carrying  a  wooden 
cross-arm  would  be  good  practice;  for  with  such  a  combination 
the  system  is  benefited  by  the  better  pole,  while  it  still  retains 
the  benefit  of  the  destructible  arm.  As  a  matter  of  fact,  the 
percentage  of  disturbances  which  burn  themselves  clear  without 
causing  a  shutdown  to  that  particular  circuit  is  very  low.  and 
the  metal  arm  and  pins  seldom  require  renewal.  Reinforced 
concrete  poles,  both  round  and  square,  are  being  tried,  but  at 
present  there  are  no  definite  data  concerning  them. 

Where  duplicate  and  parallel  lines  are  built,  the  poles  or  towers 
should  be  so  placed  that  the  phase  wires  nearest  each  other  on 
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the  two  lines  should  be  at  least  25  ft.  apart,  thus  giving  plenty 
of  room  for  a  phase  wire  to  break  and  fall  without  whipping  into 
the  other  line. 

Porcelain  insulators  have  proved  to  be  the  best  type  for 
high-tension  work,  on  account  of  their  superior  mechanical 
strength  and  ability  to  withstand  great  temperature  changes. 

A  telephone  line  on  the  same  pole  line  as  the  transmission 
line  is  worth  its  cost  as  a  trouble  indicator,  as  the  telephone 
instrument  bell  reveals  the  slightest  ground  on  the  system. 
Such  a  line  is  likely  to  be  heavily  charged  from  the  transmission 
line,  making  it  very  uncomfortable  for  the  patrolman  if  he  is 
careless  in  making  his  tap  to  it  with  his  patrolling  set  terminals. 
This  induction  effect  is,  of  course,  relieved  by  transposing  the 
high-tension  wires.  The  telephone  wires  should  be  transposed 
about  every  third  section.  Although  such  a  telephone  line 
will  show  a  surprising  voltage  between  one  side  and  the 
ground,  it  will  be  perfectly  quiet,  giving  excellent  transmission 
service. 

A  telephone  service  between  the  power  station  and  the 
sub-stations  on  a  pole  line  other  than  the  transmission  line  is 
practically  a  necessity,  as  during  times  of  trouble  on  the  trans- 
mission line  the  telephone  line  on  that  pole  line  is  put  out  of 
commission  or  is  at  least  unsafe,  and  it  is  during  times  of  trouble 
that  the  telephone  service  is  most  wanted.  Often  it  is  possible 
to  obtain  a  private  service  from  the  public  telephone  company 
which  will  be  less  expensive,  all  points  considered,  than  the 
fixed  charges  on  an  isolated  private  telephone  plant. 

Organization  of  Employees 

The  organization  of  the  operating  force  in  an  hydroelectric 
power  system  is  less  complicated  than  in  a  steam  system. 
Fewer  attendents  are  needed  at  the  power  station,  for 
nature  not  only  provides  the  element  of  power,  but  by  the 
simple  law  of  gravity  brings  it  to  and  takes  it  from  the  station. 

On  the  hydraulic  end  chould  be  a  man  thoroughly  acquainted 
with  the  physical  features  of  the  property  he  controls,  for  there 
are  generally  points  in  any  development  which  need  watching, 
and  all  maintenance  work  should  be  carried  on  without  shutting 
down  the  plant.  The  canal  or  tubular  flume,  if  the  latter  type 
is  adopted,  needs  constant  inspection,  for  leaks  must  be  antici- 
pated if  possible,  and  preventive  work  started.  The  open 
seasons  bring  leaves,  timber,  and  other  debris  into  the  pond  and 
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canal ;  the  frost  season  has  its  terrors,  for  the  effects  of  the  force 
of  frost  are  incalculable ;  and  the  winter  seasons,  especially  in  the 
New  England  and  northern  sections  of  the  country,  bring 
anchoi-ice,  frazil-ice,  and  sometimes  great  masses  of  ice — ^all  of 
which  do  their  utmost  to  overcome  the  efforts  for  continuous 
service.  The  intake  gates  usually  have  to  be  attended  to,  to 
meet  the  varying  load  conditions  of  the  day,  and  as  most  plants 
are  quite  away  from  points  of  population,  a  maintenance  force 
of  laborers  and  teams  has  to  be  maintained 

There  are  so  many  different  conditions  of  development  and 
location  in  such  systems  that  it  is  impossible  to  recommend  any 
exact  form  of  organization,  as  really  no  two  can  be  quite  alike. 
The  power-station  superintendent  must  of  course  organize  his 
force  to  meet  the  exigencies  of  the  service,  but  it  is  seldom  that 
he  will  require  more  than  three  men  on  a  shift,  and,  unless  the 
station  is  of  enormous  capacity,  more  than  two  men:  an  operator, 
and  an  assistant  can  handle  it,  but  this  of  course  depends  on 
the  layout  of  the  station.  These  station  men  must  be  clever 
mechanics,  as  usually  skilled  help  is  not  quickly  obtainable, 
and  as  it  requires  so  few  men  to  handle  a  station  the  system 
can  afford  to  have  a  high  class  of  operating  attendants. 

If  the  system  is  not  too  large  it  is  desirable  to  have  the  station 
superintendent  in  control  of  the  hydraulic  superintendent,  thus 
ensuring  harmony  between  the  departments,  which  is  of  vital 
importance.  If  a  development  is  of  such  magnitude  as  to 
require  the  entire  time  of  a  superintendent  for  each  of  thQ 
departments  under  consideration,  it  will  probably  warrant 
some  sort  of  a  position  for  a  man  to  whom  both  superintendents 
will  report,  thus  still  bringing  the  responsibility  for  the  operation 
of  the  two  departments  under  one  head.  The  line  department 
should  have  at  its  head  a  superintendent  capable  of  building, 
repairing,  and  operating  the  lines ;  for  if  continuous  service  is  to 
be  maintained  the  various  branches  of  the  work  are  inseparable 
from  an  executive  standpoint. 

The  patrolmen,  oi  line  inspectors,  will  probably  have  time 
to  make  all  ordinary  repairs,  and  the  number  required  is  deter- 
mined largely  by  the  length  of  the  line,  but  paiticularly  by 
conditions  of  accessibility.  The  line  superintendent  would 
naturally  report  to  the  general  operating  head  of  the  system. 

Some  Operating  Experiences  and  Requirements 

The  first  requisite  in  an  operating  forc.e  is  a  thorough  knowl- 
edge, on  the  part  of  each  member,  of  the  detail  of  the  work  in 
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hand.  These  operators  should  be  placea  so  that  they  can  work 
to  the  greatest  advantage  to  themselves,  and  hence  to  the  greatest 
benefit  of  the  employer.  The  adage,  **  You  cannot  fit  a  round 
peg  into  a  square  hole  '*  is  one  which  applies  directly  to  an 
operating  organization,  for  many  a  force  of  good  and  able 
individuals  is  ineffective  simply  on  account  of  im^-roper  arrange- 
ment. 

The  second  matter  of  importance,  which  is  almost  as  essential 
as  the  first,  is  a  spirit  of  good  fellowship  between  all  employees. 
This  spirit  is  brought  about  chiefly  by  the  feeling  of  individual 
responsibility  and  loyalty  to  the  company  or  employer.  The 
development  of  this  spirit  is  in  the  hands  of  the  chief  of  the 
operating  department.  If  this  feeling  of  individuality  is  properly 
developed,  so  that  each  member,  no  matter  how  low  his  position, 
feels  that  he  is  a  spoke  in  the  wheel  of  the  necessary  organization, 
wholesome  rivalry  and  interest  will  be  the  result,  the  effect  of 
which  wiM  be  so  great  that  the  operating  chief  can  accomplish 
many  things  in  the  line  of  good  service,  clear  records,  beneficial 
recommendations,  etc.,  which  without  this  feeling  of  cooperation 
would  be  almost  impossible.  The  employee  feels,  and  the 
employer  should  know,  that  this  or  that  person  is  not  obliged 
to  work  for  that  particular  concern;  but  the  employee  should 
feel,  and  be  made  to  understand,  that  so  long  as  he  does  work 
for  the  concern,  he  does  so  with  a  smile. 

The  personal  equation  of  an  operating  system  is  one  to  be 
solved  before  the  final  approval  of  the  designs ;  by  this  is  meant 
how  much  responsibility  is  to  be  placed  on  automatic  operating 
devices.  It  is  possible  to  work  out  a  system  so  complete  in  its 
complication  that  one  or  two  operators  may  control  every 
detail  of  a  plant.  Such  a  scheme  might  be  very  advantageous 
when  every  part  of  the  plant  is  running  smoothly,  and  acting 
in  an  entirely  normal  manner,  but  unfortunately  hydroelectric 
systems,  like  human  systems,  do  not  always  run  along  without 
difficulties.  In  the  good  old  days  there  were  no  automatic 
devices,  and  men  took  chances  in  operating  plants  that  would 
be  considered  to-day  as  quite  beyond  the  limits  of  good  practice. 

It  is  a  safe  plan  to  have  a  plant  so  arranged  and  equipped 
that  in  times  of  trouble  the  master  mind  may  be  relieved  to 
the  extent  of  having  an  assistant  locate  and  cut  out  the  dis- 
turbing element. 

Some  of  the  following  actual  operating  experiences  of  the 
last  few  seasons,  which  occurred  in  the  system  with  which  the 
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writer  is  connected,  may  be  of  interest.  One  employee  of  the 
hydraulic  department,  shortly  after  a  talk  with  his  foreman 
on  the  desirability  of  collecting  all  tools  at  the  end  of  the  day, 
was  found  on  the  canal  bank  stripped,  and  about  half  drowned. 
It  turned  out  that  he  had  dropped  into  the  water  an  old  36- 
cent  lantern,  and  was  diving  for  it  in  moving  water  nearly  20 
ft.  deep,  and  without  the  slightest  indication  of  success.  After 
receiving  word  from  his  superior  that  under  the  circumstances 
he  would  be  forgiven  for  losing  the  lantern,  he  confided  that 
*'  the  old  lamp  was  not  good  for  much  anyhow." 

When  changing  some  switch  connections,  one  of  the  men, 
having  completed  his  work,  found  he  could  not  let  goof  the  wrench 
whith]he  still  had  on  a  nut  on  one  of  the  high-tension  switches. 
The  inductive  effect  from  60  miles  of  parallel  circuit  was  so 
great  that  the  system  had  to  be  momentarily  shut  down  to 
release  him.  The  line  knife-switches  as  above  mentioned  would 
have  prevented  this  occurrence,  which  fortunately  terminated 
wthout  permanent  injury. 

A  lineman  working  on  a  part  of  the  system  which  has  iron 
arms  strapped  together  and  grounded,  happened  to  touch  his 
foot  to  the  private  telephone  wire  while  coming  down  the  pole, 
some  part  of  his  body  evidently  touching  the  ground  wire  from 
the  cross-arms.  Both  transmission  lines  above  were  dead,  but 
over  twenty  miles  away  the  telephone  line  ran  on  a  pole  line 
which  was  carrying  33,000  volts  on  its  wires," and  although  the 
telephone  line  is  from  7  to  25  ft.  from  the  transmission  wires 
this  man's  actions  and  yells  indicated  as  he  shouted  out,  **  This 
dead  wire  ain't  dead,"  that  he  was  correct.  The  man's  body 
belt  saved  him  from  a  fall,  and  after  regaining  his  nerve 
he  descended  the  pole,  taking  care  not  to  serve  as  a  jumper 
between  the  ground  wire  and  the  telephone  circuit.  The  ground 
wire  at  this  time  had  not  been  covered  by  moulding,  as  the 
work  was  not  quite  completed.  This  incident  is  cited  simply 
to  indicate  the  tremendous  inductive  effects  in  high-tension 
work. 

All  water  wheels  should  be  inspected  at  regular  periods,  and 
they  should  be  so  designed  as  to  be  easily  got  at  and  defective 
parts  renewed.  There  seems  to  be  an  inclination  on  the  part 
of  many  station  men  to  neglect  the  inspection  of  the  interior 
of  water  wheels,  but  broken  gate-vanes,  worn  gate-blocks, 
cracked  rocker-arms,  and  loosened  governor-rod  connections 
are  some  of  the  troubles  likely  to  be  found,  even  in  a  semi- 
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monthly  inspection.  If  the  hydraulic  cylinder  operating  the 
water-jacket  intake  gate  is  so  constructed  as  to  seat  tight 
on  the  floor  of  its  chamber  it  will  stick.  Sometimes  two  hours 
of  continuous  working  of  the  four-way  valve  will  be  required 
to  unseat  the  cylinder  and  raise  the  gate.  This  is  a  real  calamity 
if  it  happens  to  occur  at  the  time  of  an  approaching  peak  of  the 
load,  when  perhaps  all  units  will  be  needed. 

Wheel  design  does  not  cause  all  operating  discomforts,  for  in 
the  fall  season  of  the  year  it  is  not  an  unusual  thing  to  find  as 
many  as  thirty  to  forty  eels  in  a  wheel-case,  all  of  which,  as  far 
as  can  be  discovered,  have  been  bracing  their  backs  up  against 
the  gate  to  prevent  its  closing.  Many  small  eels  and  fish  get 
ground  up  in  the  wheels,  and  there  is  always  a  period  of  several 
weeks  each  year  when  the  stench  of  dead  fish  makes  the  inspec- 
tion of  the  wheels  anything  but  pleasant. 

Spring  brings  slush-ice,  which  is  perhaps  the  greatest  of  all 
evils,  for  it  stops  up  the  bucket-gate  openings.  A  shutdown  is 
the  only  relief;  then  the  wheel-cases  can  be  opened  and  the 
snow-ice  melted  out.  The  strain  on  the  operator  during  a 
slush-ice  run  is  greater  than  during  a  lightning  storm,  for 
although  lightning  effects  are  furious,  there  is  an  end  to  them, 
while  an  ice  run  may  last  seveial  days,  and  never  for  a  shorter 
period  than  several  hours. 

Sticks  in  the  wheel-cases  are  at  times  causes  of  great  alarm, 
on  account  of  the  noise  occasioned  by  their  beating  against 
the  iron  water-jacket ;  but  experience  seems  to  indicate,  that 
the  greater  the  noise  the  less  the  danger,  for  such  a  stick  is  too 
large  to  get  between  the  guide- vanes,  and  is  therefore  not  especially 
harmful.  In  all  such  cases,  when  the  unit  can  be  spared,  it 
should  be  shut  down  and  the  wheel-case  cleared. 

Duplicate  water-feeds  for  cooling  the  step-up  transformers 
are  a  comfort  to  the  operator,  for  even  if  a  screen  is  placed 
at  the  intake,  material  will  accumulate  and  require  removal. 
A  large  feed  which  can  be  opened  at  the  lower  end  and  flushed 
out  makes  a  good  arrangement  if  duplicate  feeds  are  unde- 
sirable. 

A  screen  at  the  intake  of  the  feed-mains  is  essential,  and  if 
it  is  placed  in  a  glass  section  of  pipe  it  is  always  visible.  It 
should  be  placed  so  as  to  be  quickly  removed  for  cleaning. 

It  is  a  good  feature  to  have  the  water  discharge  pipe  from 
each  transformer  carry  a  glass  section,  or  be  actually  broken, 
so  that  the  amount  of  water  being  discharged  may  be  seen. 
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When  a  step-up  transformer  needs  repair  it  is  qtiite  a  task 
to  get  the  transformer  oil  out  of  and  back  into  the  case ;  this  may 
be  done  quickly  by  gravity  if  a  suitable  receiving  tank  is  pro- 
vided underneath  the  floor,  and  a  storage  tank  at  some  point 
above  the  transformer. 

Care  should  be  taken  to  have  the  water-wheel  governor  oil- 
pump  of  sufficient  capacity  to  make  the  governor  act  quickly. 
A  small  pump-plunger  will  cause  sufficient  delay  in  starting  up  a 
unit  to  inconvenience  the  attendant  in  synchronizing. 

It  is  well  to  keep  the  inside  wiring  of  the  private  telephone 
line  which  runs  on  the  transmission  line  well  away  from  all 
other  wiring  and  any  metal  work.  Four  feet  of  separation 
would  seem  sufficient,  but  on  a  number  of  occasions  during 
lightning  storms,  current  crept  along  a  cement  wall  for  four 
feet,  thus  forming  an  arc  between  the  private  line  and  the  long- 
distance line.  Where  the  long-distance  line  passed  around  a 
column,  the  current  jumped  through  the  insulation  of  the  wiring 
to  ground;  this  arc  was  maintained  for  quite  a  period.  On 
account  of  this  experience,  the  private  and  long-distance  tele- 
phone circuits  were  brought  in  at  different  parts  of  the  biiilding, 
and  all  wiring  kept  entiiely  separated.  No  trouble  between 
the  circuits  has  been  experienced  since. 

.  The  solenoid  equipments  of  the  time-limit  relays  should  be 
taken  apart  and  cleaned  at  least  three  times  a  year,  otherwise 
they  become  gummed  with  dust  in  spite  of  all  possible  protection, 
and  thus  their  time-limit  effect  is  very  much  increased.  These, 
relays  should  be  tested  at  least  once  a  month  to  see  if  they  are 
acting  in  accordance  with  the  indicated  overload  and  time 
limit. 

The  oil-switch  motors  and  connecting  clutches  require  con- 
stant cleaning,  but  when  painted  or  varnished  care  should  be 
taken  to  confine  the  coating  to  its  proper  location. 

An  oil-switch  failed  to  release  upon  the  closing  of  the  circuit 
on  its  motor,  and  an  investigation  proved  that  one  of  the  at- 
tendants in  his  zeal  to  do  a  complete  and  sufficient  job  of  painting, 
had  painted  the  end  of  the  solenoid  rod;  the  rod  stuck  just 
enough  so  that  the  magnetic  clutch  failed  to  release.  The 
result  was  certainly  undesirable. 

Three  times  when  an  oil-switch  clutch  has  failed  to  release, 
so  that  the  switch  opened  and  closed  consecutively  several 
times,  the  voltage  dropped  from  110  to  65,  and  notwithstanding 
the  fact  that  all  sub-stations  were  carrying  60-cycle  synchronous 
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machines  in  the  form  of  synchronous  conveiters  they  were  not 
sufficiently  thrown  out  of  step  to  drop  out.  This  seems  almost 
incredible  when  we  consider  that  10%  variation  is  the  desirable 
limit  for  this  type  of  equipment. 

In  operating  transmission  lines  in  parallel,  reverse-cunent 
relays  on  the  receiving  end  will  save  many  a  complete  interrup- 
tion. 

Static  voltage  detectors  prove  a  great  help  to  the  operator, 
as  they  not  only  indicate  that  a  phase  wire  is  alive  but  in  case 
the  wire  becomes  grounded  the  disk  of  the  device  will  stop 
revolving.  This  little  and  inexpensive  equipment,  therefore, 
can  be  made,  to  serve  in  a  very  important  and  helpful  manner. 

The  single-phase  ammeters  on  the  outgoing  lines,  when 
their  transformers  are  connected  immediately  back  of  the  step- 
up  transformers,  serve  as  a  very  positive  ground  indicator,  for 
the  operator  will  notice  the  amperage  increasing  on  an  outside 
grounded  phase  wire,  and  sometimes  this  warning  will  give  him 
sufficient  time  to  get  the  line  in  trouble  cut  out  without  in  any 
way  interfering  with  the  service. 

Line  insulators,  generally  speaking,  will  stand  very  severe 
insulation  strains,  but  it  is  not  unusual  for  an  insulator  to  be- 
come slightly  defective,  although  the  full  development  of  the 
defect  will  cause  no  trouble  until  some  time  later.  This  fact 
was  brought  out  quite  clearly  during  the  last  lightning  season 
when  the  number  of  insulators  damaged  on  the  60  miles  of 
transmission  line  was  so  small  as  to  cause  comment;  but  in 
September,  when  the  lightning  season  was  practically  over,  a 
very  dense  fog  enveloped  the  system  for  more  than  36  hours, 
causing  the  failure  of  some  six  or  eight  insulators.  These  insula- 
tors were  distributed  over  the  entire  length  of  the  system. 

The  good  will  of  its  neighbors  is  one  of  the  best  assets  a  trans- 
mission company  can  have,  but  it  is  unfortunate  when  their 
good  intentions  are  thwarted,  as  was  the  case  when  one  of  our 
neighbors  seeing  the  top  of  a  wooden  line  pole  on  fire  brought 
out  a  large  pail  of  water  and  his  best  force  pump,  and  attempted 
to  put  out  the  fire.  His  surprise  and  humiliation  were  great 
when  he  picked  himself  up  from  under  his  front-yard  fence  on 
the  other  side  of  the  highway  from  the  pole  in  question. 
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ALTERNATING-CURRENT  ELECTROLYSIS* 


BY  J.  L.  R.  HAYDEN 


A.  Contents 

The  development  of  the  single-phase  railway  motor  lead  to 
the  introduction  of  grounded  alternating-current  systems,  in 
which  the  current  is  returned  over  the  rail.  With  rail -return, 
necessarily  more  cr  less  current  strays  through  the  ground, 
reaching  gas  and  water  pipes,  lead  cables,  etc.  When  using 
direct  current  for  railroading,  lead  cables,  etc,  are  protected 
against  electrolytic  corrosion  by  connecting  them  to  the  nega- 
tive terminal  of  the  circuit,  so  that  the  stray  current  enters 
the  cable  from  the  ground,  but  does  not  leave  it;  that  is,  the 
cable  is  always  at  a  negative  potential  against  ground.  With 
alternating  currents  this  method  of  protection  evidently  is 
not  feasible,  since  the  potential  difference  constantly  reverses. 

An  investigation  was  therefore  undertaken  to  determine 
whether,  and  to  what  extent,  alternating  currents  passing  be- 
tween any  metallic  conductor  and  the  ground  would  produce 
electrolytic  corrosion.  These  tests  were  started  in  the  spring 
of  1906,  and  carried  on  practically  continuously  throughout 
most  of  the  year. 

These  tests  were  extended  to  the  investigation  of  different 
current-densities  and  different  frequencies.  First,  several  se- 
ries of  tests  were  made  with  diluted  solutions  of  such  salts  as 
may  be  expected   in   the    ground.       Then  different   kinds   of 

•  In  arranging  this  investigation,  laying  out  the  tests,  and  working  up 
their  results,  and  in  recording  them  in  the  present  paper,  I  am  greatly 
indebted  to  Dr.  Charles  P.  Steinmetz,  in  whose  laboratory  the  investigation 
was  made,  and  to  the  General  Electric  Co.,  which  supplied  the  means  and 
faicilities  for  carrying  out  the  work. 
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soils  were  investigated,  and  then  tests  made  on  a  typical  soil 
by  adding  different  substances — carbonates,  sulphates,  organic 
matter,  etc.,  and  noting  their  effects.  Ultimately,  the  possibility 
of  protection  against  electrolytic  corrosion  was  investigated. 

In  the  first  sets  of  tests,  lead  and  sheet-iron  were  investi- 
gated; in  the  last  tests  only  lead  plates  were  used,  as  the  first 
tests  proved  the  relative  unimportance  of  iron. 

B.     Method  of  Test 

Plates  of  1.25-in.  width  and  2.5-in.  height  were  used;  that 
is,  with  about  6.25  square  inch. exposed  area,  of  very  thin  and 
pure  sheet-lead,  so-called  **  test  lead.**  These  plates,  after 
cleaning,  were  weighed  on  a  chemical  balance,  reading  accur- 
ately to  about  0.5  milligrammes,  then  immersed  in  the  electro- 
lyte or  the  soil,  the  current  passed  through  for  a  time  varying 
from  60  hours  to  390  hours;  then  the  plates  were  taken  out, 
washed  with  water  and  diluted  acetic  acid,  (about  10%)  dried, 
and  again  weighed.  The  total  weight  of  the  plate  was  about  6 
grammes,  and  the  amount  dissolved  usually  several  hundred 
milligrammes.  Check  tests  showed  that  the  amount  of  lead 
which  can  be  dissolved  chemically  by  acetic-acid  washing  does 
not  exceed  1  or  2  milligrammes.  The  iron  plates  were  cut 
to  the  same  size,  from  transformer  iron  of  10  mils  thickness, 
having  an  average  weight  of  2.5  grammes.  They  were  treated 
in  the  same  manner,  except  that  very  dilute  hydrochloric  acid 
was  used  for  washing. 

As  containing  vessels,  glass  tumblers  were  used  of  about 
250-cu.  cm.  volume,  and  the  soil  was  kept  moist  by  replacing 
the  evaporation  with  distilled  water.  A  number  of  tumblers 
were  connected  in  series  with  an  alternating-current  circuit, 
and  immersed  in  a  water  bath.  The  same  number  of  tum- 
blers with  similar  contents  but  not  connected  to  the  electric 
circuit  were  immersed  in  the  bath,  and  used  as  a  check  to  de- 
termine the  spontaneous  corrosion  due  to  chemical  action  of 
the  soil. 

As  source  of  60-cycle  current  were  used  the  lighting  mains  of 
the  City  of  Schenectady ;  as  source  of  25-cycle  current,  a  small 
inverted  single-phase  converter  changing  from  direct  to  alterna- 
ting current ;  as  source  of  direct  current,  a  mercury-arc  rectifier 
operated  from  the  60-cycle  circuit. 

To  give  quantitative  values,  all  the  results  are  expressed  in 
percentage  of  direct-current  electrolysis;  that  is,  the   amount 
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of  metal  dissolved  per  ampere-hour  by  alternating-current 
electrolysis  is  given  in  terms  of  the  amount  which  1  ampere- 
hour  direct  current  should  dissolve  by  Faraday's  law:  3.86 
grammes  lead  and  1.035  grammes  iron  per  ampere-hour,  assuming 
the  valency  of  both  metals  as  2.  In  some  tests,  plates  of  one- 
half  or  one-quarter  of  these  sizes  were  also  used,  in  series  with 
full-size  plates,  to  determine  the  effect  of  various  current- 
densities. 

C.     Tests  With  Salt  Solutions 

One  per  cent,  solutions  in  distilled  water  were  used  of  those 
salts  which  may  be  expected  in  the  soil. 

1 .  1%  ammonium  nitrate. 

2.  1%  **  carbonate. 

3.  0.5%      sodium    nitrate  and  0.5%  potassium     nitrate. 

4.  0.5%  "  carbonate  and  0.5%       "  carbonate. 

5.  0.5%  **  chloride  and  0.5%         /'         chloride. 

6.  0.5%  •*  sulphate  and  0.5%  "  sulphate. 

7.  0.25%  ammonium  nitrate,  0.25%  ammonium  carbonate, 
0.125%  sodium  chloride,     0.125%  potassium  chloride, 
0.125%  sodium  sulphate,    0.125%  potassium  sulphate, 

referred  to  in  the  following  as  **  mixture.'* 

Eight  sets  of  tests  were  made ;  four  with  lead  plates  and  four 
with  iron  plates,  under  the  following  conditions: 

a.  60  cycles  0. 3    amperes,  or  0. 048    amperes  per  square  inch 

b.  60      "      0.09         "         "  0.0144        "  

c.  25      "      0.3  "  "  0.048  ' 

d.  25      "      0.09         "  "  0.0144 

It  is  interesting  to  note  that  considerable  quantities  of  lead 
were  found  in  solution  only  with  ammonium  nitrate,  and 
small  traces  of  lead  with  sodium-potassium  carbonate.  No  lead 
went  into  solution  with  the  other  salts. 

The  results  of  the  four  sets  of  tests  made  with  lead  plates 
are  given  in  Table  I ;  the  results  of  the  tests  with  iron  plates 
in  Table  II. 

As  indicated  by  Tables  I  and  II,  the  electrolytic  corrosion 
due  to  alternating  current  is  very  small  compared  with  the 
electrolytic  effect  due  to  direct  current,  as  shown  by  columns 
h  and  i;  in  no  case  did  it  equal  1%,  in  fact  it  rarely  exceeded 
i%  of  the  direct-current  electrolysis. 

In  general,  then,  iron  is  attacked  less  than  lead.  It  therefore 
seems  that,  in  general,  with  iron,  alternating-current  electro- 
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lysis  is  less  to  be  feared,  except  in  extreme  cases;  that  is,  with 
large  currents  passing  between  rails  and  iron  pipes.  With  lead  ca- 
bles, the  amount  of  corrosion  indicated  by  Table  I,  would  in 
many  cases  lead  to  a  rapid  destruction  of  the  relatively  thin 
cable  sheet.  The  effect  of  alternating,  current  on  lead  cables 
is  therefore  the  more  serious  problem. 

As  shown  in  Table  I,  no  general  relation  exists  between  the 
chemical  corrosion,  column  e\  that  is  the  corrosion  taking 
place  without  any  current,  and  the  electrical  corrosion,  column 
i,  resulting  from  the  passage  of  an  alternating  current.  For 
instance,  the  chemical  corrosion  is  about  the  same  with 
sodium-potassium      nitrate     as     with      carbonate      solutions; 


TABLE  III. 
Lead  Platbs. 


Electrolyte 

a.  ammonium  nitrate 

b.  ammonium  carbonate 

sodium  potassium  nitrate 

"  carbonate. 

c.  "  *'  chloride. . . 

d.  "  "  sulphate. . 

Mixture 

A vg.  o(  a,  b,  c,  d 


Chemical 

corrosion 

mg.  per 

hour 

2.18 

0.102 

0.553 

0.635 

0.270 

0.316 

0.170 

0.717 


Total  Corrosion 

%  direct-current 

electiylysis 

60 


25 
0.880 
0.409 
0.709 
0.083 
0.220 
0.133 
0.363 
0.413 


0.512 
0.151 
0.491 
0.110 
0.217 
0.119 
0.391 
0.250 


avg, 
0.700 
0.280 
0.600 


0.218 


0.377 
0.331 


Electrical  Corrosion 

%  direct-current 

electrolysis 


25 
0.483 
0.390 
0.608 


0.096    0.017 


0.169 


0.126    0.074 


0.333 
0.279 


60 
0.103 
0.132 
0.391 
0.009 
0.166 
0.058 
0.358 
0.115 


avg. 

0.293 

0.261 

0.500 

0.004 

0.167 

0.066 

0.345 

0.197 


Ammonium  nitrate:  large  quantities  of  lead  tn  solution. 

Sodium  potassium  carbonate:  traces  of  lead  in  solution.  .,_.,.. 

Ammonium  carbonate:  very  small  traces  of  lead  in  solution  in  chemical,  but  none  m 
electrolytic  corrosion.  ,  ,....  .  nj*        i** 

All  others,  including  sodium  potassium  nitrate  and  chlorides:  no  traces  of  lead  m  solution 

while  the  electrical  corrosion  is  very  high  with  nitrates,  and 
practically  neglible  with  carbonates. 

High  current  densities  sometimes  increase  the  electrical  cor- 
rosion, as  with  ammonium  salts,  sometimes  it  decreases  the 
corrosion,  as  with  chlorides;  but  usually  the  current  density 
has  no  appreciable  effect. 

In  general,  electrolytic  corrosion  is  greater  at  lower  frequency, 
but  this  is  not  always  the  case.  For  instance,  with  carbonates, 
w^here  the  electrolytic  action  is  very  low,  high  frequency  seems 
to  corrode  more  than  low  frequency;  but  with  alkali  nitrates, 
chlorides,  and  the  mixture  of  salts,  frequency  has  no  appreciable 
effect. 
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Interesting  is  the  comparison  of  the  last  two  columns,  ;,  the 
ratio  of  the  total  corrosion  to  the  chemical  corrosion,  and  k, 
the  ratio  of  current  16  frequency;  that  is,  the  electric  quantity 
per  half  wave.  In  most  cases  these  two  columns  correspond 
closely;  that  is,  the  higher  the  quantity  of  electricity  per  alter- 
nation the  greater  the  corrosion. 

To  investigate  these  relations  still  further.  Table  III  gives 
the  average  values  of  corrosion,  chemical,  electrical,  and  total 
for  25  cycles  and  for  60  cycles.  Table  IV  gives  the  average 
values  for  high-  and  for  low-current  densities,  and  their  averages. 

In  the  last  row  of  these  tables  is  given  the  corrosion  which 
should  be  expected  from  the  mixture,  calculated  as  average  of 
the  corrosion  due  to  its  components.     As  seen,  the  mixture  of 


TABLE  IV. 
Lbao  Platbs. 


Electrolyte 

a.  ammonium  nitrate 

h.  ammonium  carbonate 

sodium  potassium  nitrate. . . 
"  **  carbonate 

c.  "  "  chloride. . 

d.  "  *•  sulphate.  . 

Mixture 

Avg.  o(  a.  b.  c,  d 


Chemical 

corrosion 

mg.  per 

hour 


2.18 

0.102 

0.553 

0.535 

0.0270 

.0316 

0.170 

0.717 


Total  Corrosion 

%  direct-current 

electrolysis 


0.3 

amp. 

0.505 
0.381 
0.545 
0.061 


00 

amp. 

0.806 
0.179 
0.666 
0.131 


0.12410.313 


0.072 
0.332 
0.203 


0.180 
0.422 
0.369 


avg. 

0.700 
0.280 
0.600 
0.096 
0.218 
0.126 
0.377 
0.331 


Electrical  Corrosion 

%  direct-current 

electrolysis 


0.3 
amp. 

0.410 

0.373 

0.498 

0.014 

0.100 

0.045 

0.317 

0.232 


.00 
amp. 

0.175 

0.149 

0.501 

0.022 

0.234 

0.087 

0.373 

0.161 


avg. 

0.293 
0.261 
0.500 
0.004 
0.167 
0.066 
0.345 
0.197 


different  salts  gives  a  very  much  lower  chemical  attack  than 
the  average  attack  of  the  components;  that  is,  some  salts,  as 
the  sulphates  or  carbonates,  protect  the  lead  against  the  attack 
by  the  nitrates.  Electrolytically,  however,  the  reverse  is  the 
case;  this  protective  action  of  one  salt  against  the  attack  by 
another  does  not  seem  to  exist. 

The  conclusion  herefrom  is,  that  it  may  be  possible  to  protect 
lead  cables  chemically  against  spontaneous  or  chemical  cor- 
rosion by  surrounding  the  cables  with  alkali  sulphates,  for  in- 
stance, but  this  affords  no  appreciable  protection  against  elec- 
trolytic action  by  alternating  current. 

In  Table  I,  the  data  on  the  electrical  corrosion  by  ammonium 
nitrate  are  not  very  reliable,  since  ammonium  nitrate  attacks 
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and  dissolves  lead  chemically  so  rapidly  that  the  additional  at- 
tack by  the  alternating  current  cannot  be  determined  accurately. 
In  all  other  cases,  the  chemical  corrosion  is  rather  less  than  the 
electrical. 

TABLE  V. 
Lead  Plates — Order  of  Chemical  Corrosion 

mg.  per 
hour 

1.  Ammonium  nitrate 2. 18 

2.  Sodium-potassium  nitrate 0.553 

3.  Sodium-potassium  carbonate 0.535 

4.  Sodium-potassium  sulphate. 0.316 

5.  Sodium-potassium  chloride  0.270 

6.  Mixture 0. 170 

7.  Ammonium  carbonate 0. 102 

Table  V,  gives  the  order  in  which  lead  is  attacked  chemically 
by  the  different  solutions.  Nitrates  attack  the  hardest,  next 
come  the  alkali  carbonates,  and  last  is  ammonium  carbonate, 
and  the  mixture  of  salts,  in  which  some  salts  act  as  a  protection 
against  the  others. 


table  VI. 
Lbad  Platbs.     Order  of  Altbrnatinc-Current  Electrolytic   Corrosion 


ToUl  Corrosion 

Electrical  Corrosion 

Cycles 

.•\mpercs 

Average 

Cycles 

Average 

25 

GO 

0.3 

0.09 

U.') 

O'J 

0.3 

0.09 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

(3 

1 

6 

6 

7 

(i 

7                0 

0 

7 

5 

7 

5 

1 

i\ 

.-. 

C,                  .'i 

7 

0      1       7 

G 

1 

7 

."» 

7 

•'(       .      .7 

.-, 

:>     1      1 

5                 7 

5 

1 

4 

•1 

■:\     ' 

4 

4              4 

4                  4 

4 

3    • 

^ 

3 

3 

3              3 

3          1        3 

3 

Table  VI  gives  the  order  of  attack  by  alternating  current, 
the  total  corrosion,  and  the  electrical  corrosion.  The  different 
solutions  are  given  by  their  numbers  in  Table  V;  that  is,  the 
numbers  in  Table  VI  re])resent  the  order  (»f  chemical  corrosion. 
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As  seen,  the  nitrates  give  the  greatest  corrosion,  chemically 
as  well  as  electrically.  The  other  salts  act  electrically  practical- 
ly in  reverse  order  to  their  action  chemically:  the  alkali  carbon- 
ates give  the  greatest  chemical  and  the  least  electrical  attack, 
next  come  the  sulphates,  then  the  chlorides. 

TABLE  VII 
Lead  Plates — Order  of  Total  Corrosion 

%  direct-current  electrolysis 
Number :     Total :     Electrical 
Ammonium  nitrate  and  sodium-potassium 

nitrate 1,2 

Mixture,  and  ammonium  carbonate 6,7 

Sodium-potassium  chloride 5 

Sodium-potassium  sulphate 4 

Sodium-potassium  carbonate 3 

The  approximate  order  of  electrical  corrosion  of  the  different 
solutions  is  given  in  Table  VII.  Comparing  Table  VII  with 
Table  V.  it  is  evident  that,  with  the  exception  of  ammonium 
nitrate  and  sodium-potassium  nitrate,  the  order  of  attack  is 
reversed. 

TABLE  Vin. 
Lead  Platbs.     Ratios. 


0.650 

0.397 

0.329 

0.303 

0.218 

0.167 

0.126 

0.066 

0.096 

0 

Solution 


Net  oorrosioo.  by  current  only 


Low 
high 


'  freqtxency 


0.3 

amp. 


0.09 

amp. 


avg. 


High 

c 

low 


25 


60 


avg. 


1.  Ammonium  nitrate 

2.  Ammonium  carbonate 

3.  Sodium  potassium  nitrate. .  . . 

4.  "  **          carbonate. 
6.  "               '*          chloride.  . . 

6.  *•  "          sulphate... 

7.  Mixture 

8.  Avg.  of  1.  2.6,6 


8.77 
3.23 
1.56 

1.06 
1.41 
0.68 


1.87 
2.38 
1.56 

1.00 
1.20 
1.21 


4.69 
2.95 
1.56 

1.02 
1.28 
0.93 
2.43 


3.23 
2.71 
0.995 

0.435 

0.55 

0.63 


.09 
2.00 
0.995 

0.41 
0.47 
1.11 


2.34 
2.51 
0.995 

0.427 
0.517 
0.848 
1.44 


Table  VIII  gives  the  ratio  of  electrical  corrosion  at  low  fre- 
quency to  that  at  high  frequency,  and  the  ratio  of  corrosion  at 
high  current-density  to  that  at  low  current-density;  that  is, 
gives  the  effect  of  frequency,  and  of  current-density. 
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Order  op  Ratios 

Frequency  ratio:  high  current 1  2  3  6  5  7 

low  *'     2  1  3  7  6  5 

average"   1  2  3  6  5  7 

Current  ratio:  low  frequency 1  2  3  7  6  5 

high         **        2  7  3  1  6  5 

average  "       2  1  3  7  6  5 

Total  average 2  1  3  7  6  5 

Or,  order  of  ratio:  r-r-r  frequency,  or  r-^  current,  that  is. 
high       ^         ^  low 

^     quantity  of  electricity  per  half  wave: 

Ammonium  nitrate  and  carbonate. 

Sodium-potassium  nitrate. 

Sodium-potassium  sulphate,  and  mixture. 

Sodium-potassium  chloride. 

As  seen,  the  effect  of  frequency  varies  from  4.69  with 
ammonium  nitrate  to  0.93  with  the  mixture,  and  the  effect  of 
current  density  from  2.51  with  ammonium  carbonate,  to  0.427 
with  alkali  chlorides.  In  general,  then,  the  order  of  salts  in 
the  two  cases  is  similar;  that  is,  decreasing  frequency  and  in- 
creasing current-density  have  similar  effects. 

These  tables  show,  however,  that  the  effects  of  frequency 
and  of  current-density  depend  very  largely  on  the  chemical 
constitution.  Ammonium  salts  show  a  very  great  increase  of 
corrosion  with  increasing  current-density,  or  decreasing  fre- 
quency; whereas  chlorides  and  sulphates  show»little  effects  of 
frequency,  and  a  decrease  of  corrosion  with  increasing  current- 
density.  In  general,  the  conclusions  of  the  tests  with  lead 
plates  in  salt  solutions  are: 

1.  Chemical  as  well  as  electrical  corrosion  is  greatest  with 
nitrates.  With  other  salts  or  mixtures  of  salts,  the  electrical 
corrosion  is  not  proportional  to  the  chemical  corrosion,  but, 
with  the  salts  investigated,  rather  inversely  proportional  thereto; 
that  is,  where  the  chemical  attack  is  considerable,  the  electrical 
action  is  more  completely  reversible  than  with  a  chemically 
less  active  electrolyte. 

2.  Current-density  in  general  has  no  decided  effect.  High 
current-density  increases  the  attack  with  some  compounds,  as 
ammonium  salts,  and  decreases  it  with  others,  as  chlorides  and 
sulphates,  provided  the  current  density  is  not  so  high  as  to  give 
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an  appreciable  increase  of    temperature,  which   then  increases 
the  corrosion. 

3.  Low  frequency  usually  attacks  more  than  high  fre- 
quency. But  the  increase  of  corrosion  due  to  lower  frequency, 
entirely  depends  on  chemical  constitution,  being  largest  with 
ammonium  salts,  and  practically  negligible  with  chlorides  and 
sulphates. 

4.  Mixtures  of  salts  frequently  give  a  greatly  reduced  chem- 
ical corrosion,  but  give  about  the  same  or  a  higher  electrical 
corrosion  than  their  components;  that  is,  chemical  protection 
fails  to  protect  electrolytically. 

5.  Iron  is  less  attacked  than  lead,  and  is  practically  not 
attacked  at  all  by  carbonates. 

D.     Experiments  with  Different  Soils 

Tests  were  made  with  different  soils. 

1.  Garden  soil,  a  clay  loam,  taken  from  Dr.  Steinmetz's 
garden. 

2.  Street  mud,  collected  from  the  surface  of  Schenectady's 
main  street  (State  Street  railway  crossing),  where  the  New 
York  Central  Railroad  crosses  the  trolley  line,  and  thus  containing 
the  accumulated  effect  of  foot,  horse,  electric,  and  steam  traffic. 

3.  Sub-soil,  a  sandy  soil  collected  from  below  the  street  sur- 
face in  the  older  part  of  Schenectady,  where  people  lived  for 
over  200  years,  the  soil  containing  the  seepage  of  centuries. 

4.  A  mixture,  in  equal  volume,  of  these  three  soils. 

The  soil  was  kept  moist  by  replacing  evaporation  with  dis- 
tilled water.  It  was  considered  that  these  three  soils  are  about 
representatives  of  the  more  severe  conditions  to  which  lead 
pipes  and  cables  in  the  soil  are  exposed.  Four  sets  of  tests 
were  made,  of  lead  plates,  and  of  iron  plates,  with  60  cycles 
and  with  25  cycles,  all  at  one-tenth  ampere  current.  The  same 
size  of  plate  was  used  as  before  and  tested  in  the  same  manner. 
The  results  of  these  tests  are  abstacted  in  Table  IX. 

Very  marked,  however,  is  the  effect  of  frequency.  While  at 
60  cycles  the  electrical  corrosion  is  very  small,  averaging  less 
than  0.05%  with  lead  plates,  it  is  quite  considerable  at  25  cycles, 
averaging  0.222%. 

The  chemical  corrosion  of  lead  plates  averages  0.148  milli- 
grammes per  hour,  with  6.25  square  inch  plate  surface.  The 
total  corrosion  averages  0.085%  at  60  cycles,  and  0.216%  at 
25  cycles,  and  the  electrical  corrosion  averages  0.047%  at  60 
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cycles  and  0.22%  at  25  cycles.  Especially  marked  is  the 
enormous  increase  of  corrosion  with  increase  of  temperature, 
which  is  investigated  later. 

Comparing  the  relatively  small  differences  found  in  Table  IX 

:or  different  soils,  with  the  great  variations  in  the  attack    due 

o  different  salt  solutions,  in  Table  I  and  II.  it  was  thought 

sufficient  in  the  further  investigatiohs  to  use  only  one  form  of 

TABLE  IX. 

JuNB  21  TO  July  17.  1906.     Tbsts  with  Dippbrbnt  Soils. 

Plates,  6.25  sq.  in.  total  surface;  0.1  ampere. 


Electrolyte 

a 
Lead  Plates. 

Garden  soil 

Frequency 
cycles 

b 

60 
25 
60 
25 
60 
25 
00 
25 

00 
25 
60 
25 
60 
25 
60 
25 

Dur.  of 
test 

milligrammes  dis- 
solved per  hour 

%  direct-current 
electrolysis 

hours 

c 

254 
244 
254 
244 
254 
244 
254 
244 

254 
244 
254 
244 
254 
244 
254 
244 

chem. 

# 

0.115 
0.130 
0.224 
0.121 

0.078 
0.036 
0.092 
0  044 

total 

/ 

0.227 
0.908 
0.311 
1.250 
0.462 
0.642 
0.310 
1.221 

0.169 

0.2.52 

0.099 

0.159 

0.98 

1.99 

0.092 

0.087 

elec. 

g 

0.112 
0.793 
0.181 
1.120 
0.238 
0.418 
0.189 
I.IOO 

0.091 

0.174 

0.063 

0.123 

0.89 

1.90 

0.048 

0.043 

total 
k 

0.059 
0.235 
0.081 
0.324 
0.120 
0.167 
0.080 
0.317 

0.163 

0.243 

0.095 

0.154 

0.945 

1.93 

0.089 

0.084 

elec. 

• 

0.029 

Street  mud 

0.205 
0.047 

Sub-soil* 

0.290 
0.062 

Mixture 

0.106 
0.049 

Iron  Plates. 

Garden  soil 

0.285 
0.088 

Street  mud. 

0.168 
0.061 

Sub-soil* 

0.119 
0.86 

Mixture 

1.83 
0.046 

0.042 

*  Appreciable  rise  of  tcmi)eraturc  by  /'  r. 


soil   as    typical — the    mixture     referred     to     above,     but     to 
investigate  the  effect  of  the  addition  of  different  substances. 

E.     Salt  Solutions  in  Soil 

Tests  were  therefore  made  by  moistening  the  soil,  not  as  be- 
fore with  distilled  water,  but  with  very  diluted  solutions  of 
nitrates,  and  nitrites,  carbonates,  sulphates,  and  their  mixture, 
to   determine   whether   the   presence   of  nitrates  increases  the 
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corrosion,  and  the  presence  of  carbonates  or  sulphates  exerts  a 
protective  action.  These  experiments  were  made  only  at  25 
cycles,  0.1  ampere,  with  the  same  size  of  lead  and  iron  plates, 
of  6.25  square  inch  total  surface,  and  arc  abstracted  in  Tabic 
X  and  XI. 

The  following  solutions  were  used. 

1.  City  water,  (Schenectady)  containing  appreciable  quanti- 
ties of  bicarbonate  of  calcium. 

2.  Solution  of  0.1%  potassium  carbonate  and  0.1%  sodium 
carbonate  in  distilled  water,  a  total  of  0.2%. 

3.  Solution  of  0.1%    potassium   sulphate  and  0.1%  sodium 
sulphate,  in  distilled  water,  a  total  of  0.2%. 


TABLE  X; 
JvLT  23  TO  August  3.  1906.     Mixed  Soil  and  Salt  Solutions. 
25  cycles,  0.1  ampere.  6.25  sq.  in.  total  plate  surface. 


Duration  of  test.  219.5  hours. 

Mean  temperature  of  water  bath.  23.7®  cent. 

Electrolyte 
a 

City  water  . .               

Milligrammes  diss- 
solvcd  per  hour 

%  direct- current 
electrolysis 

chem. 

e 

0.106 
0.104 
0.166 
0.128 

0.073 
0.117 
0.100 
0.112 

total 

/ 

0.851 
0.304 
0.716 
0.481 

0.262 
0.288 
0.203 
0.365 

elec. 
i 

0.745 
0.200 
0.550 
0.353 

0.189 
0.171 
0.103 
0.253 

total 
h 

0.221 
0.079 
0.186 
0.125 

0.253 
0.278 
0.196 
0.353 

elec. 
t 

0  194 

Potassium  sodium  carbonate 

0.052 

Nitrates  and  nitrites 

0.143 

Carbonates,  nitrates  and  nitrites 

0.092 

Iron  Plates. 

City  water 

0.183 

Potassium  sodium  carbonates 

0.165 

Nitrates  and  nitrites 

0.100 

Carbonates,  nitrates  and  nitrites 

0.245 

4.  Solution  of  0.1%  ammonium  nitrate,  0.05%  potassium 
nitrite,  and  0.05%  sodium  nitrite  in  -distilled  water,  a  total  of 
0.2%. 

5.  Solution  of  0.1%  potassium  carbonate,  0.1%  sodium  car- 
bonate, 0.1%  ammonium  nitrate,  0.05%.  potassium  nitrite, 
0.05%  sodium  nitrite,  a  total  of  0.4%. 

6.  Solution  of  0.1%  potassium  sulphate,  0.1%  sodium  sul- 
phate, 0.1%  ammonium  nitrate,  0.05%  potassium  nitrite.  0.05% 
sodium  nitrite,  a  total  of  0.4%. 

A  comparison  of  Tables  X  and  XI  well  illustrates  theenatic 
character  of  the  phenomenon  of  alternating-current  electrolysis. 
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These  two  tests  were  made  immediately  after  each  other,  tmder 
as  nearly,  identical  conditions  as  possible ;  the  same  frequency, 
current-density,  etc.,  the  same  kind  of  soil,  and  practically  the 
same  temperatures.  The  chemical  corrosion  in  both  tests  is 
about  the  same.  In  the  second  test  it  is  somewhat  less  with 
lead  plates,  and  somewhat  more  with  iron  plates,  than  in  the 
first  test.  Wide  differences  are  found  in  the  electrical  corrosion, 
not  only  in  the  numerical  values,  but  also  in  the  character  of 
the  effect  produced  by  the  different  electrolytes. 

In  the  first  test,  nitrates  and  nitrites  exert  a  marked  protective 
action  on  iron  plates,  which,  however,  disappears  in  the  presence 

TABLE  XI. 
.    August  7  to  23.  1906.     Mixed  Soil  and  Salt  Solution. 

25  cvcles,  0.1  amperes.  6.25  sq.  in.  total  plate  surface. 

Duration  of  test.  333.5  hours. 

Mean  temperature  of  water  bath.  22.3^  cent. 


Electrolyte 

a 

Milligrammes  dis- 
solved per  hour 

%  direct- cttrrent 
electrolysis 

chem. 

e 

total 

elec. 
g 

tOtAl 

k 

elec. 

f 

Lead  Platea. 

City  water 

0.065 

1.160 

1.075 

0.300 

0.278 

Sulphates 

0.073 

0.505 

0.432 

0.131 

0.112 

Nitrates  and  nitrites 

0.101 

1.911 

1.810 

0.405 

0.469 

Sulphates,  nitrates  and  nitrites 

0.108 

2.048 

1.04 

0.530 

0.503 

Iron  Platct. 

City  water 

0.102 

0.212 

0.110 

0.204 

0.107 

Sulphates 

0.145 

0.370 

0.225 

0.357 

0.217 

Nitrates  and  nitrites 

0.158 
0.155 

0.483 
0.642 

0.325 
0.487 

0.466 
0.618 

0.313 

Sulphates,  nitrates  and  nitrites 

0.460 

of  carbonates.  In  the  second  test,  nitrates  and  nitrites  greatly 
increase  the  corrosion  of  iron  plates.  This  may  have  some- 
thing to  do  with  the  possibility  of  a  passive  state  of  the  iron, 
and  needs  farther  investigation. 

Carbonates  exert  a  marked  protective  action  on  lead  plates, 
which  is  reduced  if  nitrates  and  nitrites  are  present;  even  then 
it  is  considerable.  Sulphates  also  exert  a  protective  effect  on 
lead  plates,  but  this  protective  action  disappears,  and  the  cor- 
rosion is  increased  in  the  presence  of  nitrates  and  nitrites. 
This  agrees  with  previous  experience  in  the  tests  with  salt 
solutions.     With  iron  plates,  sulphates  increase  the  corrosion. 

It  seems  then  that  a  certain  protective  action  against  alter- 
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nating-current  electrolysis  of  lead  plates  is  exerted  by  carbonates 
and  by  sulphates.  Since  alkali  salts  are  excluded  from  prac- 
tical use  by  their  solubility,  a  series  of  tests  was  undertaken  to 
determine  the  effect  that  calcium  carbonate  and  sulphate — 
chalk  and  gypsum — have  on  alternating-current  electrolytic 
corrosion,  when  mixing  these  salts  with  the  soil  surrounding 
the  lead  cables. 

F.    Calcium  Salts  in  Soil 

Tests  were  made  on  the  effect  produced  by  mixing  5%  chalk 
or  5%  gypsum,  or  both,  with  the  soil  used  in  alternating-current 
electrolysis.  Some  tests  were  also  made  by  adding  5%  Port- 
land cement,  and  by  adding  5%  fertilizer,  containing  nitrates, 

table  XII. 
August  25  to  Sept.  0.  1906.     Lbad  Platbs. 

25  cycles.  0.1  ampere,  A.25  sq.  in.  total  plate  surface. 

Duiaticm  of  test.  362  hours. 

Mean  temperature  of  water  bath.  23.1*  cent. 


Electrolyte 

Solid                                      Liquid 
a 

Milligrammes  dis- 
solved per  hour 

%  direct-current 
electrolysis 

chem. 

e 

toUl 

/ 

eiec. 

toUl 
h 

elec. 
t 

Mi.%ed  soil. 

City  water 

0.116 

1.256 

1.140 

0.326 

0.296 

Mixed  soil. 

Salt  solution* .  . 

0.117 

0.794 

0.677 

0.206 

0.176 

Mixed  soil.  +5%  Chalk. 

City  Water 

0.079 

0.245 

0.106 

0.0635 

0.043 

+  5%  Gypsum 

Mixed  soil. 

Salt  solution*.  . 

0.126 

0.704 

0.578 

0.182 

0.150 

+  5%  Chalk. 

+  5%  Gypsum. 

*  0.5%  solution  of  mixed  pota.ssium.  sodium*,  ammonium,  nitrates,  nitrites,  chlorides,  as 
desciibed  above. 


phosphates,  and  ammonium  compounds.  Only  lead  plates 
were  used,  of  the  standard  size  of  1.25  in.  by  2.25  in.,  with  a 
current  of  0.1  ampere. 

Tests  were  made  at  60  cycles,  as  well  as  at  25  cycles,  to  de- 
termine the  effect  of  fiequency.  Some  tests  were  made  with 
plates  of  half  and  quarter  size,  in  series  with  full-size  plates, 
to  determine  the  effect  of  current-density.  The  60-cycle  and 
25-cycle  tests,  and  the  tests  with  full-,  half-,  and  quarter-size 
plates,  were  made  simultaneoutly,  with  the  tumblers  immersed 
in  the  same  water  bath  so  as  to  have  the  same  temperature 
in  all  these  tests. 

Tests  were  made  with  the  mixed  soil,  and  also  with  the  same 


216 


HAY  DEN:  ELECTROLYSIS 


[March  1 


soil  by  adding:  5%  chalk,  5%  gypsum,  5%  Portland  cement, 
5%  fertilizer:  containing  nitrates,  phosphates,  ammonia, 
6%  fertilizer,  6%  chalk,  and  5%  gypsum.  City  water  was  used 
as  liquid,  except  in  a  few  tests,  in  which  0.5%  salt  solution 
was  used,  of  the  following  constitution:  ammonium  nitrate  2, 
potassium  nitrite  1,  sodium  nitrite  1,  potassium  chloride  1,  sodium 


TABLE  XIII. 
Sbpt.  17  TO  Oct.  3.  1906.     Lbao  Platbs. 
0.1  ampere.  6.25  sq.  in.  total  plate  surface,  half  and  quarter  thereof. 
Mean  temperature  of  water  bath,  22.7®  cent,  and  10.5°  cent,  respectively. 
Liquid :    City  WaUr. 


Electrolyte 

2  2.7'  cent. 

a 

Frequency 
cycles 

b 

Duration 
of  test, 
hours 

d 

Milligrammes  dis- 
solved per  hour 

%  direct-current 
electrolysis 

Ratk> 

of 
attack 
26-60 

/ 

chem. 

e 

tOUl 

/ 

elec. 
i 

total 
h 

elec. 
i 

Mixed  soil 

25 

277 

0.150 

1.461 

1.202 

0.376 

0.335 

tiO 

306 

0.996 

0.837 

0.258 

0.217 

1.64 

Mixed    soil   -f   5% 
chalk 

25 
60 

277 
306 

0.156 

1.088 
0.711 

0.033 
0.556 

0.282 
0.184 

0.242 
0.144 

1.68 

Mixed  soil  +    5% 

25 

277 

0.180 

1.843 

0.663 

0.478 

0.431 

gypsum 

60 

306 

0.435 

0.255 

0.113 

0.066 

6.63 

Mixed   soil    -f  5% 
chalk  +  5%  gyp- 
sum  

25 
60 
25 
60 

277 
306 
277 
306 

0.134 
0.247 

1.544 
0.499 
0.485 
0.512 

1.410 
0.365 
0.238 
t.265 

0.400 
0.120 
0.125 
0.132 

0.365 
0.006 
0.062 
0.068 

3.84 

Mixed    soil    +  5^r 
Portland  cement. 

0.01 

19.5"  cent. 

Mixed    soil    -f  5% 
fertilizer 

25 
60 

217 
234 

0.301 

2.481    12.180 
1.474  11.173 

0.642 
0.383 

0.565 
0.304 

1.86 

Mixed     soil   +  5% 

fertilizer    4-    oCr 
chalk  -}-  5%  gyp- 
sum   

25 

60 
25 
60 

217 

234 

217 
234 

0.303    3.6.38  '3.3;« 

1 
12.483    2.180 

0.162  ll.280  11.127 
t 
'1.119    0.957 

1 

0.940 

0.643 
0.334 
0.290 

0.864 

0.564 
0.202 
0.247 

1.53 

Mixed   soil,    i    size 
plates 

1.18 

Mixed    soil,    i  size 
plates 

25 
60 

217) 
234) 

1              1 
0.064    1.839  .1.77o* 

i 

0.476 

0.460 

*  Lead  plates  eaten  to  pieces.     The  pieces  were  collected  as  far  as  possible,  but  no 

doubt  some  escaped,  hence  this  value  is  probably  somewhat  loo  large. 


chloride   1,   water   1194.     Each  tumbler  contained   about   120 

cu.  cm.  of  liquid,  in  addition  to  the  soil. 

The  three  sets  of  tests  are  given  in  Tables  XI,  XII  and  XIIT 
Table  XII  seems  to  show  that  the  very  diluted  salt  solution 

rather  reduces  the  electrolytic  corrosion. 

The  addition  of  chalk  and  gypsum  to  the  soil  exerts  a  marked 
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protective  action,  which,  however,  practically  disappears  when 
a  mixed  salt  solution  is  used  instead  of  water. 

Table  XIII  shows  a  moderate  protective  action  against  elec- 
trolytic corrosion,  exerted  by  the  addition  of  chalk  to  the  soil. 

Gypsum  exerts  a  marked  protective  action  only  at  60  cycles, 
but  increases  the  corrosion  at  25  cycles. 

Addition  of  chalk,  as  well  as  gypsum,  gives  the  same  effect 
as  gypsum:  a  reduction  of  the  corrosion  at  60  cycles,  but  an 
increase  at  25  cycles. 

Organic  materials,  as  fertilizer,  greatly  increase  the  electrolytic 
corrosion,  and  the  addition  of  chalk  and  gypsum  in  this  case 
still  further  increases  the  corrosion. 

The  effect  of  Portland  cement  is  interesting:  wh^e  the 
chemical  corrosion  is  greatly  increased  by  cement,  from  0.159  to 
0.247  milligrammes  per  hour,  the  electrol5rtic  corrosion  is  greatly 
reduced  and  becomes  very  small  at  either  frequency. 

The  current-density  seems  to  have  very  little,  if  any,  effect, 
since  half-size  plates,  with  the  same  current,  give  practically 
the  same  corrosion  as  full-size  plates. 

Especially  interesting  is  the  effect  of  frequency.  In  general, 
at  lower  frequency  the  corrosion  is  greater;  but  the  order  in 
which  it  varies  with  the  frequency  very  largely  depends  on  the 
chemical  character  of  the  soil.  With  soil  only,  the  corrosion 
increases  with  decreasing  frequency,  but  not  any  where  near 
inversely  proportional  to  the  frequency.  The  addition  of  chalk 
or  fertilizer  seems  slightly  to  increase  the  effect  of  frequency, 
but  not  to  any  great  extent.  Gypsum  very  greatly  increases 
it,  so  that  60-cycle  electrolysis  nearly  disappears,  and  the  25- 
cycle  electrolysis  is  more  than  six  times  the  60-cycle  electrolysis. 
Inversely,  cement  reduces  the  effect  of  frequency,  so  that  both 
frequencies  give  practically  the  same  attack. 

It  is  worth  noting  the  high  values  of  electrolytic  corrosion 
observed  in  soils  containing  fertilizer,  especially  when  chalk 
and  gypsum  are  added.  These  reach  nearly  1%  of  direct-cur- 
rent corrosion  at  25  cycles,  and  exceed  one-half  per  cent  at  60 
cycles. 

G.     Conclusions 

Prom  the  data  recorded  in  Tables  IX  to  XII,  a  number  of 
comparisons  on  the  effect  of  different  constituents  in  the  soil 
can  be  made.     These  are  given  in  Tables  XIV,  XV,  and  XVI. 

In  these  tables,  the  relative  values  of  chemical,  total,  and 
electrical  corrosion  are  given. 
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Table  XIV.  Effect  of  nitrates,  nitrites,  and  similar  com- 
pounds, as  fertilizer.  The  corrosion  is  considerably  increased, 
the  chemical  corrosion  in  all  cases,  the  electrical  corrosion  in 
most  tests,  by  an  average  of  about  60%. 


TABLE  XIV. 


Effect  of  Nitrates,  nitrates  and  fertilizer: 

Table 
No. 

Frequency 
cycles 

Corrosion :  relative 

Mixed  soil  only. 

chem. 

total 
1 

elec 
1 

Alkali  nitrates  and  nitrites 

X 

25 

1.56 

0.64 

0.74 

Alkali  nitrates  and  nitrites 

XI 
X 

25 
25 

1.19 
1.21 

0.57 

1.00 

Alkali  nitrates,  nitrites  and  carbonate 

0.48 

Alkali  nitrates,  nitrites  and  sulphate 

XI 

25 

1.27 

1.77 

1.81 

Fertilizer*. 

XIII 

25 

1.00 

1.71 

1.68 

Fertilizer 

XIII 

GO 

1.00 

1.48 

1.40 

Fertilizer  and  chalk  and  gvi>sum 

XIII 

25 

1.01 

2.50 

2.57 

• 

XIII 

60 

1.01 

2.40 

2.60 

Aveiajic 

1.61 

1.6.3 

.62 

TABLE  XV. 


EfTect  of  carlKmatcs,  etc. 

Mixe<l  soil  only 

Alkali  carlionales 

Chalk 

Chalk 

Portland  cement 

Portland  cement 

Mixed  soil  containing  gypsum. 

Chalk 

Chalk 


Mixed  sf>il  containinK  nitrates  or 
tilizer 


fer- 


Alkali  carbonates. . . 
Chalk  and  gypsum. 
Chalk  and  gypsum. 


Table 
No. 


X 

XIII 
XIII 
XIII 
XIII 

XIII 
XIII 

X 

XIII 
XIII 


Frequency 
cycles 

Corrosion:  tela 

chem. 

total 

1 

1 

25 

0.08 

0.36 

25 

0.07 

0.75 

00 

0.07 

0.71 

25 

1.56 

0.33 

00 

1.56 

0.51 

1 

1 

25 

0.75 

0.84 

60 

0.75 

1.14* 

1 

I 

25 

0.77 

0.67 

25 

1.01 

1.46 

60 

1.01 

1.68 

elec. 

1 
0.27 
0.72 
0.66 
0.10 
0.31 

1 
0.85 
1.14* 

0.64 
1.53 
1.85 


•  Ratios  of  two  small  values,  thcreiore  less  reliable. 


The  presence  of  nitrates,  fertilizers  etc.,  in  the  soil  is  therefore 
objectionable. 

Table  XV.  Effect  of  carbonates,  and,  in  general,  alkaline 
compounds. 
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Carbonates  and  alkaline  compounds,  as  far  as  observed,  al- 
ways reduce  the  electrolytic  corrosion  of  lead,  and  also  the 
chemical  corrosion ;  that  is,  they  exert  a  protective  action.  This 
is  most  pronounced  with  alkali  carbonates  and  cement,  the  lat- 
ter, however,  greatly  increasing  the  chemical  corrosion. 

The  protective  action  of  carbonates  seems  to  decrease  in  the 
presence  of  sulphates,  nitrates,  etc.,  and  is  in  general  not  suf- 
ficiently large  to  give  promise  of  a  method  of  chemically  pro- 
tecting lead  plates  against  alternating-current  electrolysis,  by 
surrounding  them  with  calcium  carbonate  or  hydrate. 

Table  XVI.  Effect  of  sulphates.  Sulphates  sometime  exert 
a  protecting  action,  but  sometime  increase  the  corrosion.  The 
latter  seems  to  be  the  case  in  the  presence  of  nitrates. 

TABLE  XVT. 


Effect  of  sulphates,  etc. 

Mixed  soil  only 

Alkali  sulphates 

Gypsum 

Gypsum 

Chalk  and  ^psum 

Chalk  and  gypsum 

Chalk  and  gypsum 

Mixed  soil  containing  nitrates  or  fer- 
tilizer  

Alkali  sulphates 

Chalk  and  gypsum 

Gypsum « 


Table 
No. 

Frequency 
cycles 

Corr 

osion;  rela 

chem. 

total 

1 

1 

XI 

25 

0.86 

0.44 

XIII 

25 

1.13 

1.27 

XIII 

60 

1.13 

0.44 

XII 

25 

0.68 

0.20 

XIII 

25 

0.«4 

1.07 

XIII 

60 

0.84 

0.50 

1 

1 

XI 

25 

1.07 

1.07 

XIII 

25 

1.01 

1.46 

XIII 

60 

1  01 

1.68 

elec. 
1 
0.40 
1.29 
0.30 
0.15 
1.00 
0.44 

1 
1.07 
1.53 
1.85 


In  Table  XVII  are  calculated  the  tests  made  with  soil  only, 
without  additional  protective  or  destructive  compounds.  These 
give  an  average  spontaneous  or  chemical  corrosion  of  0.117 
milligrammes  per  hour,  or  0.0188  milligrammes  per  hour  and 
square  inch  plate  surface,  and  an  average  total  corrosion,  at 
25  cycles,  of  0.312%,  or  an  electrical  corrosion  of  0.280%  of 
direct-current  electrolysis. 

Assuming  the  specific  gravity  of  lead  as  11.4,  under  these 
conditions,  by  chemical  corrosion,  in  10  years  a  layer  of  lead 
of  0.009  in.  thick  would  be  consumed.  That  is,  under  average 
conditions,  chemical  corrosion  of  lead  cables  could  be  neglected. 

Electrically,  at  a  current-density  of   1   ampere  per  square 
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foot,  25  cycles  would,  in  10  years,  destroy  an  additional  layer 
of  lead  0.07  in.  thick.  In  the  worst  case  observed  this  would 
increase  to  0.22  in.  or  nearly  one-quarter  inch;  that  is,  would  eat 
through  the  cable  armor  long  before  this  time. 

With  a  current-density  of  10  amperes  per  square  foot,  a  cable 
armor  \  in.  thick  would  in  average  be  eaten  through  in  1.8 
years,  but  in  the  extreme  case  may  be  eaten  through  in  0.57 
years,  or  7  months. 

H.     Effect  of  Temperature 

Since  in  the  preceding  tests,  especially  in  the  first  set  of  tests, 
before  a  water  bath  was  used,  it  was  noticed  that  the  values 
of  alternating-current  electrolytic  corrosion  were  high,  when- 


TABLE  XVII. 
Lbad  Platss.     Mixbd  Soil.    25  Cyclbs. 


Corrosion: 

chemical 

total      1  electrical 

Table  No. 

Milligrammes 
per  hour 

%  direct-cturent 
electroh'sis 

IX 

0.121 

0.317 

0.285 

X 

0.108 
0.085 

0.221 
0.300 

0.194 

XI 

0.278 

XII 

0.116 

0.326 

0.296 

XIII 

0.150 

0.376 

0.335 

XIII 

i  size 

0.334 

0.292 

Average.  .  . 

0.117 

0.312 

0.280 

Maximum  conosion  obser\'ed. . 

0.303 

0.940 

0.864 

ever  the  temperature  of  the  cell  is  increased  by  its  P  R  loss,  some 
tests  were  made  on  the  effect  of  temperature  by  heating  the 
water  bath  in  which  the  cells  were  immersed.  The  temperature 
of  the  bath  fluctuated  between  36°  and  42°  cent,  with  an 
average  of  89.5°  cent. 

Tests  were  made  with  mixed  soil,  and  with  mixed  soil  and 
b%  fertilizer  added,  at  0.1  ampere,  25  cycles,  and  without 
current,  and  gave  the  results  recorded  in  Table  XVIII. 

As  seen  from  Table  XIX,  and  comparing  these  results  with 
the  average  values  of  previous  experiments,  the  chemical  as 
well  as  the  electrolytic  corrosion  is  very  greatly  increased  by 
the  increase  of  temperature. 
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The  following  conclusions  seem  to  be  warranted  from  the 
preceding  investigations. 

1.  Alternating-current  electrolysis  is  not  a  phenomenon  like 
direct-current  electrolysis,  on  which  definite  quantitative  general 
laws  can  be  formulated;  but  is  of  the  character  of  a  secondary 


TABLE  XVIIL 
Oct.  20  to  29.  1906.     Lbao  Plates. 


25  cycles.  0.1  ampere. 
Duration  of  test.  208  hours. 


6.25  sq.  in.  total  plate  surface. 

K5fi  cent. 


Water  bath  heated  electrically,  mean  temperature 
Liquid,  city  water. 


Electrolyte 


Mixed  soil 

Mixed  soil  +  5%  fertilizer. 


Milligrftmrnftt  dis- 
solved per  hour 


Chemical 


0.296 
0.393 


ToUl 

/ 
4.11 
4.53 


Electrical 

f 

3.81 

4.14 


%  direct-current 
electrolysis 


Total 

h 
1.065 
1.175 


Electrical 

t 

0.987 

1.075 


effect ;  that  is,  the  action  of  the  positive  half  wave  is  not  quite 
reversed  by  the  action  of  the  negative  half  wave,  leaving  a 
small  difference,  rarely  exceeding  one-half  percent  of  the 
electrolytic  action  of  an  equal  direct  current. 

Under  the  conditions  of  the  investigation,  which  were  chosen 

TABLE  XIX. 


Electrolyte 

Temperature 

degrees 

centigrade 

Corrosion 

%  direct-current 

electrolysis 

Corrosion,  ratio 

chemical 

total 

electrical 

chemical 

total 

electrical 

Mixed  soil 

22.30 

39. 5» 

19.5 
39.5 

0.117 

0.296 

0.301 
0.393 

0.312 

1.065 

0.642 
1.175 

0.280 

0.987 

0.565 
1.075 

1 

2.53 

1 
1.30 

1 
3.41 

1 

1.83 

1 

Mixed  SOU  + 
5%  fertiUser 

3.52 

1 
1.90 

to  represent  as  nearly  as  possible  actual  service  conditions  of 
lead  cables,  alternating-current  electrolysis  varies  from  prac- 
tically nothing  to  somewhat  less  than  1%  of  direct-current 
electrolysis.  Since  electrolytic  action  of  the  alternating  cur- 
rent appears  as  a  small  difference  between  two  large  and  nearly 
equal  quantities,  the  action  of  the  positive  and  of  the  negative 
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half  wave,  a  very  small  variation  in  the  action  of  either  half 
wave  makes  a  very  large  difference  in  the  result,  and  this  prob- 
ably accounts  for  the  very  large  variation  in  the  electrol)rtic 
action  of  alternating  current  compared  with  the  constancy  of 
the  electrolytic  action  of  direct  current. 

2.  Alternating-current  electrolysis,  when  expressed  quanti- 
tatively, or  in  per  cent,  of  the  action  of  an  equal  direct  current, 
varies  very  greatly  with  the  chemical  character  of  the  electrol)rte. 
The  nitrates  and  similar  compounds,  as  fertilizers,  tend  to  in- 
crease electrolytic  corrosion;  carbonates  and,  in  general,  alkaline 
reaction  of  the  soil,  decreases  the  corrosion;  that  is,  exert  a  pro- 
tective action. 

This  protective  action  against  alternating-current  electrolysis 
is  decreased  by  the  presence  of  nitrates,  etc.,  and  is  hardly  suf- 
ficient to  be  of  practical  use  for  protecting  lead  cables  against 
attack  by  alternating  current. 

3.  In  general,  lead  is  more  attacked  than  iron,  and  the  latter 
shows  still  more  erratic  behavior  than  lead,  probably  due  to  the 
existence  of  a  passive  state. 

4.  Alternating-current    electrolysis    under   conditions   repre- 
'  senting  as  nearly  as  seems  feasible  the  conditions  of  lead  cables 

in  the  soil,  does  not  appreciably  depend  upon  the  current-density, 
but  is  practically  independent  thereof,  except  indirectly,  in 
that  very  high  current  densities  may  by  an  increase  of  temper- 
ature give  an  increased  corrosion. 

5.  In  general,  electrolytic  corrosion  by  alternating  currents 
increases  with  decrease  of  frequency.  This  increase  with  de- 
creasing frequency  does  not  follow  a  general  law,  but  depends 
largely  upon  the  chemical  character  of  the  electrol)rte.  It  may 
be  enormous;  that  is,  25-cycle  current  gives  many  times  greater 
corrosion  than  the  same  current  at  60  cycles.  Or  it  may  be 
very  small  and  negligible.  In  some  instances,  60-cycle  current 
seems  to  give  a  somewhat  greater  attack  than  25-cycle 
current. 

In  general,  ammonium  salts  and  nitrates  seem  to  give  a  very 
great  increase  of  electrolytic  corrosion  with  decreasing  fre- 
quency, while  carbonates  and  soils  with  alkaline  reaction,  as 
containing  cement,  may  give  little  or  no  increase  of  corrosion 
with  decreasing  frequency. 

6.  Chemical  corrosion  by  the  soil,  and  electrolytic  corrosion 
by  alternating  current  increases  very  greatly  with  increasing 
temperature  of  the  soil. 
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J.  Electrical  Protection 

Since  the  attempt  to  find  a  method  of  protecting  lead 
chemically  against  alternating-current  corrosion  by  mixing 
compounds  as  chalk,  etc.  with  the  soil  surrounding  the  lead 
.cable  did  not  seem  very  hopeful,  an  investigation  was  made 
on  the  possibility  of  electrical  protection  against  alter- 
nating-current electrolysis.  With  the  tests  recorded  in  Table 
XIV,  a  test  was  made  on  three  tumblers,  with  ordinary  mixed 
soil — one  on  25  cycles,  one  on  60  cycles,  and  one  without  current, 
to  check  regarding  spontaneous  or  chemical  corrosion.  In 
these  tests  a  piece  of  sheet  zinc,  of  about  half  the  size  of  the 
lead  plates  was  connected  electricaUy  with  one  of  the  lead 
plates.  The  idea  was  that  a  local  action  between  lead  and 
zinc  would  produce  a  direct  current  between  lead  and  zinc, 
with  the  lead  as  negative,  and  thus  exert  a  protective  action. 

The  results  of  this  test  were: 


TABLE  XX 
SBFf.  T9  TO  Oct.  3.:190B. 
Total  time  of  immersion  of  plates.  234  hours. 
Duration  of  test  with  60  cycles,  234  houre.  0.1  ampere. 
Duration  of  test  with  26  cycles.  217  hours.  0.1  ampere. 
Temperature  of  water  bath.  19.5^  centigrade  average. 
Sue  of  lead  plates,  Ik  in.  by  2k  in.,  or  6.25  sq.  in.  toul  exposed  surface. 
Size  of  tine  plates,  about  \  in.  by  3  in. 
Electrolyte,  mixed  soil,  Qly  water. 


No. 
of 
tum- 
bler 

No. 

of 

pUte 

Mau. 

rial 

Pit!. 

quency 
cycles 

Dura- 
tion of 
test 

hours 

Weight  of  plate 

Differ- 
ence 

total 
mg. 

Elec- 

trical 
cor. 
mg. 

Dis- 
solved 
per  hour 
elec. 
mg. 

Direct- 
electro- 
lysis 

before 
test 

after 
test 

in  grammes 

7 

13 

lead 

25 

217 

5.565 

4.960 

605 

523 

2.41 

0.62 

14 

lead 

5.883 

5.792 

91 

9 

0.0415 

0.0107 

141 

sine 

5.885 

5.685 

200 

8 

15 

lead 

0 

234 

5.095 

4.992 

103 

avg. 

16 

lead 

5.892 

5.831 

61 

82 

(.361) 

16» 

sine 

5.734 

5.067 

67 

9 

17 

lead 

60 

234 

5.046 

4.709 

337 

255 

1.00 

0.282 

18 

lead 

5.900 

5.817 

83 

1 

0.0043 

O.OOll 

18> 

sine 

5.769 

5.649 

120 

WllJle  with  a  zinc  plate  connected  to  the  lead  plate  a  decrease 
of  the  attack  should  be  expected — since  the  alternating  current 
divides  between  the  zinc  plate  and  the  lead  plate,  and  the  lead 
plate  receives  only  a  part  of  the  total  current — still  the  differ- 
ence between  the  electrical  corrosion  of  the  lead  plate  protected 
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by  contact  with  the  zinc  plate,  and  the  unprotected  lead  plate, 
is  startling. 

At  25  cycles  the  unprotected  lead  plate  gives  0.623%,  at  60 
cycles  0.28%.  of  the  electrolytic  attack  of  a  corresponding  direct 
current,  while  the  lead  plate  in  contact  with  the  zinc  plate  is 
practically  completely  protected ;  that  is,  is  attacked  practically' 
no  more  than  it  would  without  any  current,  by  the  chemical 
action  of  the  soil. 

To  investigate  this  action  still  further,  a  series  of  tests  was 
made  in  which  a  small  direct  current  was  superimposed  upon 
the  alternating  current.  A  transformer  was  interposed  between 
the  inverted  converter  which  gives  the  25-cycle  alternating 
current,  and  the  electrolytic  cells,  to  separate  the  alternating- 
current  circuit  electrically  from  the  direct-current  circuit,  and 
a  small  direct  current  sent  through  the  cells  in  a  divided  circuit. 

The  25-cycle  alternating  current  consisted  of  0.1  ampere; 
0.005  ampere  direct  current  was  used,  divided  so  that  some  of 
the  cells  received  1.14  milliamperes,  while  the  others  received 
3.86  milliamperes,  and  the  undivided  direct  current  of  5  milli- 
amperes passed  through  some  cells  without  alternating-current. 
Resistances  were  inserted  in  both  the  alternating-current  and 
the  direct-current  circuit,  and  a  very  high  reactance  of  about 
X  =  50,000  ohms,  in  the  direct-current  circuit. 

The  same  kind  of  mixed  soil  as  in  the  former  tests  was  used 
as  an  electrolyte  and  also  this  soil  mixed  with  5%  Portland 
cement,  and  this  soil  mixed  with  5%  fertilizer.  City  water 
was  used  as  liquid.  In  some  tests,  half-size  and  quarter-size 
plates  were  used  to  get  the  effect  of  current-density.  Results 
of  the  test  are  given  in  Table  XXI. 

The  results  of  tests  in  Table  XXI  are  extremely  interesting. 
As  seen,  in  many  of  these  tests  the  electrical  corrosion  is  neg- 
ative: the  total  corrosion  is  less  than  the  chemical  corrosion; 
or  in  other  words,  if  upon  the  alternating  current  a  very  small 
direct  current  is  superimposed  the  total  corrosion  of  the  lead 
is  reduced  below  the  value  which  would  exist  with  no  current 
at  all  flowing. 

With  a  direct  current  equal  to  3.86%  of  the  alternating  cur- 
rent added  thereto,  the  protection  is  complete;  that  is,  in  every 
case  the  lead  is  attacked  less,  sometimes  less  than  half  as  much 
as  it  would  be  attacked  spontaneously  by  the  chemical  action 
of  the  soil.  Even  with  a  direct  current  of  only  1.14%,  or  about 
1/90  of  the  value  of  the  alternating  current,  the  protection  is 
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practically  complete,  and  the  additional  corrosion  due  to 
the  alternating  current  is  small  compared  with  the  chemical 
attack,  or  even  negative ;  that  is,  the  total  attack  is  decreased. 

This  protection  by  a  small  direct  current  is  especially  effective 
under  these  conditions  of  the  soil,  where  the  electroljrtic  or 
chemical  attack  is  especially  great.  With  fertilizers,  or  with 
cement  in  the  soil,  a  direct  current  of  1/90  the  value  of  the 
alternating  current  reduces  the  corrosion  below  the  value  which 
it  would  have  without  any  electrolytic  action. 

Comparing  the  results  of  Table  XVII  with  those  of  XXI, 
it  follows  for  mixed  soil  and  a  25-cycle  alternating  current  of 
0.1  ampere: 

Electrolytic  corrosion  by  25-cycle  alternating  current  Table 
XVII.  0.280%  of  direct-current  electrolysis. 

Electrolytic  corrosion  by  25-cycle  alternating  current  with 
the  addition  of  1.14%  direct  current,  reduced  to  0.042%  of 
direct-current  electrolysis. 

Electrolytic  corrosion  by  25-cycle  alternating  current  with 
the  addition  of  3.86%  direct  current,  reduced  to  -  0.014%  of 
direct-current  electroljrsis. 

It  must  be  noted,  however,  that  the  spontaneous  or  chemical 
corrosion  in  the  test  Table  XXI,  was,  with  mixed  soil,  consider- 
ably higher  than  the  average  of  the  previous  tests. 

Regarding  the  effect  of  current-density,  Table  XXI  again 
shows  this  to  be  absent.  The  electrolytic  corrosion  for  current- 
densities  varying  from  1  to  4;  that  is,  with  full,  half-  and  quarter- 
size  plates  and  the  same  current  of  0.1  ampere,  is  of  the  same 
order. 

Quartef-size  plates,  with  a  current-density  of  0.1  ampere 
per  1.6  sq.  in.  or  9  amperes  per  sq.  ft.,  give  0.0373%  of  direct- 
current  electrolysis. 

Half-size  plates,  with  a  current  density  of  0.1  ampere  per  3.2 
sq.  in.,  or  4.5  amperes  per  sq.  ft.,  give  0.0503  %  of  direct-current 
electrolysis. 

Full-size  plates,  with  a  current  density  of  0.1  ampere  per 
6.25  sq.  in.  or  2.3  amperes  per  sq.  ft.  give  0.0397%  of  direct- 
current  electrolysis. 

These  values  do  not  point  to  a  definite  variation  of  the  attack 
with  the  current-density. 

The  last  three  tests,  14  to  16,  were  made  with  direct  current 
only,  and  show  an  electrolytic  attack  which  is  greater  than  the 
theoretical   calculated   from   Faraday's  law;  that  is,  the  cor- 
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rosion  of  lead  by  direct  current  is  greater  than  the  theoretical 
value,  and  the  direct  current  does  not  only  dissolve  the  theoret- 
ical amount  of  lead,  according  to  Faraday's  law,  but  also  in- 
creases the  spontaneous  corrosion  due  to  the  chemical  action 
of  the  soil,  especially  in  the  presence  of  nitrates,  etc. 

Regarding  the  protective  action  of  a  small  direct  current, 
against  alternating-current  electrolysis,  it  must  be  understood 
that  this  is  not  due  to  maintaining  the  lead  negative  against 
the  ground.  It  is  obvious  that  the  lead  would  be  protected 
against  corrosion,  if  upon  the  alternating  current  a  direct  cur- 
rent were  superimposed  sufficiently  large  to  maintain  the  lead 
always  negative.  This,  however,  would  require  a  direct  cur- 
rent more  than  V  2  times  the  alternating  current,  which  is  not 
practical.  From  the  previous  tests,  it  appears  that  a  direct 
current  of  1.5%  of  the  alternating  current  gives  practically 
complete  protection  against  the  electrolytic  action  of  the  alter- 
nating current.  Such  a  small  direct  current  would  not  appre- 
ciably change  the  duration  of  the  successive  half  waves  of  alter- 
nating current,  but  the  lead  would  still  be  positive  for  practically 
half  the  time ;  and  with  such  a  current  graphically  superimposed 
upon  the  alternating  current,  the  eye  would  hardly  see  the  dif- 
ference in  size  of  the  two  half  waves  of  the  resultant  current. 

It  seems  that  a  very  small  increase  of  the  negative  half  wave 
over  the  positive  half  wave  of  the  current  is  sufficient  to  make 
the  negative  half  wave  completely  reverse  and  thus  neutralize 
the  action  of  the  preceding  positive  half  wave. 

To  investigate  this  phenomenon  further  in  an  experiment 
of  larger  magnitude,  the  following  test  was  made.  A  lead 
plate  was  used,  of  lOf-in.  width,  and  ISJ-in.  height,  giving  a 
total  surface  of  about  2  sq.  ft.  It  was  immersed  between  two 
sheet-iron  plates,  as  other  terminal,  of  5  in.  by  14  in.  each, 
in  a  large  earthenware  vessel.  The  le'^d  plate  was  cut  in  two 
vertically,  and  the  two  halves  spread  apart,  and  in  the  space 
three  small  lead  plates,  of  about  6  sq.  in.  each,  inserted  in  the 
soil  without  any  electrical  connection,  to  serve  as  check  for  the 
chemical  corrosion,  due  to  the  soil. 

As  an  electrolyte,  I  used  garden  soil,  a  clay  loam,  with  some 
sand,  a  considerable  amount  of  street  mud,  and  some  fertilizer 
added.  Four-ampere,  25-cycle  alternating  current  was  used 
and  superimposed  thereon,  0.06  ampere  or  1.5%  direct   current. 

The  current  was  kept  on  the  circuit  for  20  days,  from  Oct. 
20th  to  Nov.  9th,  1906,  during  which  time  the  alternating  current 
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varied  between  3.8  and  4.0  amperes,  while  the  direct  current 
remained  constant  at  0.06  ampere. 

During  the  test  the  temperature  of  the  soil  was  about  10° 
higher  than  that  of  the  air  and  averaged  27.0°  cent.  Masses  of 
marsh  gas,  with  a  considerable  quantity  of  sulphuretted  hydrogen, 
were  evolved ;  that  is,  decay  of  organic  matter  took  place  in  the 
soil.     Evaporated  water  was  replaced. 

After  the  test,  the  lead  plates  were  found  covered  with  a 
black  deposit,  to  which  the  sand  stuck  so  that  it  could  not  be 
washed  off,  even  with  boiling  water.  With  •.  ery  diluted  HCl, 
this  black  deposit  was  dissolved  with  the  eviporation  of  large 
quantities  of  HjS,  and  the  acid  was  colored  greenish  black,  as 
if  iron  had  been  carried  across  by  the  current  and  deposited  as 
sulphide. 

The  test  gave  the  follo^ang  results: 

Size  of  lead  plates,  both  sides: 294  sq.  in. 

Total  weight,  before  test 208.756  grammes 

"       after    " 206.975 

Weight  dissolved 1.781 

Duration  of  test 470         hours 

Average  25  cycles  current 3.9  amperes 

A.  Ampere-hours,  alternating  current 1833 

direct  current 28.2 

Dissolved  per  ampere-hour  alternating  current 972  mg. 

Theoretical  attack  per  ampere-hour  direct  current .  .  .  3860  n^'v 
Total  corrosion,  percent,  of  direct-current  electrolysis.  .  0.0252* , 

B.  Weight  dissolved  per  hour  and  sq.  in 0.0129  mg. 

Check  plates,  number 1        2  3 

Location top  middle  bottom 

Surface,  sq.  in.  both  sides 6.24       6.72        6.72 

Weight  before  test 4.575     4.797      4.763 

"       after    "    4.527     4.759      4.722 

dissolved 4S  38  41 

per  sq.  in.  and  hour 0.0160  0.0118   .0127 

Average -  0.0134  mg. 

Leaves  as  electrical  corrosion,  per  sq.  in.  and  hour. .   -0.0005  mg. 

Amperes  per  sq.  in.,  25  cycles 0.0132 

Electrical  corrosion,  per  cent,  direct  current  electrolysis.  -0.001% 

It  seems  to  follow  herefrom  that  a  direct  current  superim- 
posed on  the  alternating    current    and  equal   to   1.5%   of  the 
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alternating  current,  perfectly  protects  the  lead  plates  against 
electrolytic  attack  by  25-cycle  current;  so  that  the  corrosion 
of  the  lead  plates  in  the  soil  is  reduced  to  the  value  of  corrosion 
which  would  take  place  spontaneously  by  the  chemical  action 
of  the  soil,  or  even  less. 

From  Table  XIX  it  follows  that  the  average  electrolytic  cor- 
rosion in  ordinary  soil,  by  25-cycle  alternating  current,  is  0.280% 
(in  soil  containing  fertilizer,  as  in  the  last  test,  it  is  greater). 
1833  ampere-hours  would  therefore  dissolve  electrically 

1833  X  0.0028  X  3.86  =  19.85  grammes  of  lead. 

With  a  chemical  corrosion  of  0.0134  mg.  per  square  inch  an 
hour,  observed,  294  sq.  in.  would  lose  in  478  hours, 

0.0134   X  294  X  470  =  1850  mg  =  1.85  grammes. 

Without  protective  action  by  superimposed  direct  current, 
the  total  corrosion  of  the  lead  plates  during  the  20  days'  test 
therefore  should  be  21.70  grammes. 

By  the  superposition  of  28.2  ampere-  hours  direct  current,  or 
1.5%  of  the  alternating  current,  this  was  reduced  to  1.78  grammes, 
or  to  8.2%  of  its  former  value,  showing  strong  protective 
action  of  the  superimposed  direct  current. 
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ELECTROLYTIC  CORROSION  OF  IRON  AND  STEEL  IN 

CONCRETE 


BY  A.  A.  RNUDSON 


Jn  these  days  of  wide  and  rapidly  growing  use  of  reinforced 
concrete  and  hydraulic  cements  in  all  kinds  of  structures,  the 
question  often  comes  up  as  to  whether  concrete  will  afford  to 
iron  and  steel  the  same  protection  from  stray  currents  of  elec- 
tricity that  it  does  from  ordinary  corrosion  or  rust.  In  the  practice 
of  investigat^g  movements  and  results  of  currents  .upon  under- 
ground pipes  and  other  structures,  several  instances  have  come 
to  our  notice  where  damage  has  been  caused  by  electrol)rtic 
action  upon  metals  covered  or  incased  in  concrete  or  Portland 
cement. 

During  the  last  year  we  have  frequently  been  asked  about 
the  probability  of  electrolysis  upon  various  underground 
structures  where  the  use  of  cement  or  concrete  was  being  con- 
sidered or  had  been  used.  In  view  of  the  importance  of  this 
question,  therefore,  we  have  thought  it  would  be  of  service  to 
those  who  are  interested  in  the  subject  if  more  light  were  thrown 
on  the  true  value  of  concrete  as  a  supposed  insulatpr.  With  a 
desire  to  obtain  some  definite  data  as  to  the  amount  of  current 
and  time  necessary  to  cause  corrosion  upon  metals  encased  in 
concrete  or  hydraulic  cements,  and  also  to  test  their  value  as 
electrolytes,  we  have  made  some  laboratory  experiments,  and 
herewith  give  the  results,  trusting  they  may  be  of  some  value. 

In  March,  1903,  blocks  of  concrete  containing  iron  tubes 
were  prepared  by  the  writer  for  this  purpose.  These  blocks  or 
samples  were  made  of  equal  parts  of  portland  cement  and  sand. 
They  were  made  in  ordinary  metal  pails  slightly  larger  at  the 
top  than  at  the  bottom.     In  the  centre  of  each  block  was  placed 
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a  2-in.  wrought-iron  pipe.  The  dimensions  of  each  block 
and  the  surface  of  iron  buried  are  given  in  plan  and  sectional 
drawing,  Fig.  1,  and  will  not  require  further  explanation ;  the  fol- 
lowing cuts  show  blocks  and  pipes  after  the  tests.  A  few  prelim- 
inary tests  at  this  time  indicated  that  a  series  of  tests  might  bear 
important  results,  and  as  we  lacked  opportunity  for  making 
daily  tests  and  observations,  they  were  sent  to  the  Electrical 
Testing  Laboratories  of  this  city,  where  excellent  facilities  were 
had  for  making  the  required  measurements.  Preliminary  tests 
were  made  with  the  object  of  "  feeling  our  way."  and  of 
selecting  such  strength  of  current  for  the  series  as  seemed  ad- 
visable. These  preliminary  tests  not  being  especially  important, 
the  details  are  not  given;  but  from  the  information  obtained  it 
was  decided  to  commence  a  series  of  tests  extending  over  a 
time  of  30  days  with  the  three  blocks  immersed,  and  imder 
the  following  conditions: 

Block  2,  Fig.  2,  was  immersed  in  fresh  water  and  Block  4 
in  sea  water.  These  were  connected  in  series,  with  0.1  ampere 
continuously  flowing  through  them.  Block  3,  Fig.  3,  was  also 
immersed  in  sea  water,  but  no  current  was  sent  through  it. 
This  was  for  the  purpose  of  comparison  after  the  blocks  were 
broken  open.     The  arrangement  of  the  circuit  is  shown  in  Fig.  4. 

These  tests  were  commenced  on  February  1,  1906,  and 
ended  March  2,  1906.  The  results  of  importance  upon  this 
first  group  of  blocks  were  found  in  the  gradual  disruption  of 
the  concrete,  as  shown  by  the  cracks  as  time  went  on,  and  the 
appearance  of  electrolysis  and  loss  in  weight  of  the  iron  tubes 
of  both  No.  2  and  No.  4  when  the  tests  were  concluded.  Block 
4  is  not  shown,  it  being  quite  similar  to  the  others.  During 
the  test  these  cracks  were  noted  as  follows:  on  the  17th  day  a 
small  crack  down  one  side  of  Block  2  was  observed.  On 
the  27th  day  this  crack  in  No.  2  had  a  maximum  width  of  J  in. 
and  extended  clear  down  one  side,  across  the  bottom,  and 
nearly  to  the  top  of  the  other  side.  Two  cracks  also  ap- 
peared in  No.  4.  This  disintegration  of  the  concrete  was  a 
genuine  surprise.  The  report  furnished  by  the  laboratory  on 
this  first  set  of  experiments  concludes  as  follows: 

After  the  conclusion  of  this  test  which  extended  over  thirty  da3r5  time, 
the  blocks  were  removed,  and  after  allowing  them  to  dry  they  were  broken 
.  0|>en.  It  was  found  to  be  quite  easy  to  break  open  blocks  Nos.  2  and  4 
which  had  already  become  cracked.  Block  No.  3  which  had  not  been 
subjected  to  electrolysis  was  broken  with  the  greatest  difficulty.  Blocks 
Nos.  2  and  4  showed  on  their  interior  strong  evidences  of  electrolytic 
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BLOCK  OF  CONCRETE   IN   WATER 
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action  in  the  form  of  what  was  apparently  a  deposit  of  iron  nist  extending 
from  the  pipe  toward  the  outside  of.  the  block.  Along  certain  lines 
which  acted  like  lines  of  cleavage,  the  cement  was  fotmd  to  be  softened 
so  that  it  cotild  readily  be  cut  or  scraped  with  a  knife.  This  softening 
was  such  that  the  point  of  a  blade  of  a  pocket  knife  cotild  be  inserted 
into  it  far  enough  so  that  the  knife  was  supported  in  an  upright  position. 
The  pipes  enclosed  in  Nos.  2  and  4  were  found  to  be  considerably  corroded. 
A  portion  of  the  scale  on  the  corroded  parts  of  these  pipes  was  removed 
and  the  pipes  were  weighed.  The  pipe  in  Block  No.  3  was  as  bright 
as  a  new  pipe.  The  concrete  showed  no  evidences  of  a  deposit  of  iron 
rust.  An  idea  may  be  formed  of  the  condition  of  the  concrete  blocks 
from  the  photographs  given  herewith. 


CBlock2) 


Fig.  2. 


Weighing  of  the  pipes  had  been  made  by  Mr.  Knudson  before  casting 
them  in  the  blocks.  Weighings  made  at  the  conclusion  of  the  experi- 
ment, togeth'^r  with  these  initial  weighings,  are  given  in  the  following 
table: 

No.  2  fresh  water.  No.  4. salt  water. 

Initial 3  lb.  12.50  oz.  3  lb.  7.5  oz. 

Final 3   "    10.95  **  3   '*   6.4  " 

Loss 1.55   **  1.1   " 

As  has  been  said  above,  the  scale  was  not  entirely  cleaned  off  from 
pipes  Nos.  2  and  4  before  the  final  weighing  was  made,  so  that  the  loss 
in  weight  does  not  represent  the  entire  amount  of  the  electrolysis  which 
had  occured. 
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The  results  of  these  experiments  seemed  so  important  that 
it  was  thought  best  before  drawing  conclusions  to  have  the 
tests  repeated,  and  therefore  another  set  of  experiments  similar 
to  the  first,  was  made  to  see  how  the  data  wotdd  compare. 

Second  Set  op  Experiments 
In  this  case  two  blocks  of  concrete  were  prepared,  numbered 
5  and  6  (Block  6  not  shown).  These  were  made  the  same  as 
the  others  except  that  Rosendale  cement  was  used,  called  in 
the  trade  "  Brooklyn  Bridge  Brand."  The  object  of  using  a 
different  cement  waft  to  see  if  there  was  any  change  in  the  results 


(Block  3)  p,G.  3. 

vno  current)  *  *v»    v 

that  could  Tdc  attributed  to  the  use  of  a  different  brand  of  cement. 
In  these  tests  more  careful  and  more  frequent  measurements 
were  employed  than  in  the  first  set  of  experiments.  They  were 
commenced  on  April  12th,  1906.  Two  readings  were  made  every 
24  hours  through  the  entire  30  days,  and  the  appearance  of 
the  blocks  was  closely  watched.  The  source  of  current,  as 
in  the  first  test,  was  from  a  storage-battery,  and  the  pressure 
was  increased  or  decreased  according  to  the  resistance,  in  order 
to  maintain  a  constant  current  of  0.1  ampere. 

The  variation  of  resistance  in  both  blocks  during  the  test  of  30 
days  is  important.     Such  changes  are  graphically  represented  in 
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Pig.  6.  The  figures  showing  ohms  are  given  as  relative,  as 
they  may  not  quite  accurately  represent  the  true  values.  They 
were  obtained  by  simply  dividing  the  volts  by  the  0. 1  ampere.  It 
was  found  in  the  preUminary  trials  that  resistance  measurements 
by  the  usual  methods,  such  as  the  Wheatstone  bridge,  were  not 
accurate,  owing  to  strong  polarizing  effects.  For  this  reason  the 
resistances  as  shown  by  these  curves  while  not  considered  abso- 
lutely accurate  in  every  case,  are  sufficiently  so  for  our  purpose  of 
examination  and  study. 

The  curve  in  Fig.  7  represents  the  sudden  fall  or  practical 
breakdown  of  concrete  as  insulation  in  48  hours.  The  meas- 
urements in  this  test  were  made  by  the  Wheatstone  bridge,  using 
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Fig.  4. 


alternating  current  and  a  telephone  receiver.   They  are  considered 
fairly  accurate. 

Quoting  from  the  report  on  this  second  series  of  tests,  the 
following  notes  are  of  interest : 

Second  day  of  test.  Water  appeared  around  the  pipe  of  No.  5,  having 
soaked  through  the  concrete. 

Sixth  day  of  test.  Cracks  were  observed  in  both  samples  of  concrete, 
those  in  No.  5  being  the  most  prominent.  A  small  amount  of  water 
was  found  standing  in  the  bottom  of  pipe  No.  5.     None  in  pipe  No.  6. 

Seventh  day  of  test.  The  cracks  in  the  concrete  are  increasing  in  the 
case  of  both  samples. 

Ninth  day  of  test.  A  yellow  frothy  substance  appeared  at  several 
points  at  the  top  of  the  concrete,  close  to  the  iron  pipe  of  sample  No.  6. 
Later  this  turned  rtist  color. 
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Eleveftth  day  of  test.  Same  rust  colored  deposit  observed  around  pipe  of 
sample  No.  5.    The  cracks  of  both  samples  have  increased  in  prominence. 

Eighteenth  day  of  test.  The  cracks  have  assumed  such  proportions 
that  it  apj>ears  as  though  the  concrete  might  easily  fall  apart,  being  J  to 


(Group  1) 
(Ut  series) 


Fig.  5 


-^  of  an  inch  in  many  places.     There  is  considerable  rust  colored,  frothy 
deposit  on  top  of  sample  No.  5,  especially  near  the  pipe. 

It  appears  from  these  observations  that  before  the  ninth  day, 
the  process  of  electrolysis  had  arrived  at  quite  an  advanced  stage 
on  both  blocks  and  before  the  rise  in  resistance  took  place,  which 
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afterwards  in  fresh  water  reached  300  to  400  ohms,  reqtdring 
some  30  to  40  volts  to  maintain  the  0.1  ampere.  We  should  not, 
therefore,  conclude  that  because  such  high  readings  are  not  found 
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in  practice,  it  is  a  sign  that  there  can  be  no  electrolysis.  In  the 
salt-water  block  it  is  observed  that  even  to  the  eleventh  day  of 
the  test  5.5  volts  only  were  required  to  pass  the  0.1  ampere,  and 
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at  that  time  the  record  states  the  cracks  in  both  samples  have  in- 
creased in  prominence. 
This  report  concludes  as  follows: 

After  the  conclusion  of  the  test  which  continued  over  thirty  days 
time,  the  concrete  blocks  were  removed  from  the  water  and  allowed 
to  dry.  They  were  then  broken  open.  Block  No.  6  which  had  been 
under  test  in  the  salt  water  was  found  to  have  a  rust  colored  deposit 
extending  along  the  sides  of  a  crack  from  the  external  surface  to  the 
pipe,  as  shown  by  the  accompanying  photograph.  The  rust  colored 
deposit  in  sample  No.  6  was  only  about  the  pipe. 

There  were  spots  especially  in  the  fresh  water  block  No.  6  where  the 
concrete  had  softened  to  such  an  extent  as  to  be  readily  dug  out  with  a 
knife. 


AfVL 

• 

- 

jno- 

1 

- 

RESISTANCE  CURVE 
BLOCK  No^S 
SALT  WATER 

jaati. 

M£l. 

\ 

s 

I 

\ 

I" 

o 

■UlA. 

\ 

F 

j!m. 

\ 

-tmr 

1 

:, 

■ 

/ 

'^ 

— Wr 
— SO- 

I 

^ 

^ 

— i 

It 

"^" 

M     7 

i 

t     U 

1 

6    1 

4    U 

0    2 

6    Z 

2    2 

B8    S21   a 

?              1 

1 

S2    ¥ 

p  i  * 

0  « 

MM 

• 

[ 

TIW 

E  E 

.AWED 

Pig.  7. 


The  weights  of  the  pipe  before  and  after  the  tests  are  given  in  the 
following  table: 

No.  5  salt  water.  No.  6  fresh  water. 

Initial .V 3  lb  7.1  o2.  —  —  31b.  6.6  oz. 

Final 3        5.5**  3        5.5** 

Loss 1.6  oz.  1.1  oz. 

Since  the  scale  was  not  entirely  removed  for  the  final  weighing,  the 
loss  in  weight  indicated  does  not  represent  the  actual  total  amount  of 
electrolysis  which  had  occurred.  However,  all  scale  that  could  be 
readily  removed  was  removed  by  Mr.  Knudson  before  the  final  weights 
were  taken. 
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This  second  series  of  tests  shows  results  very  similar  to  the 
first,  only  more  pronounced;  and  we  believe  it  also  shows 
that  the  results  would  be  practically  the  same  with  concrete 
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Fig.  8. 


made  up  with  any  of  the  different  brands  of  cement  found 
in  the  market,  or  made  with  different  proportions  of  sand,  or 
made  of  brick,  or  stone  masonry. 

The  photographs  of  the  different  pipes  show  to  some  extent 
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the  effects  of  electrolytic  action  upon  their  surfaces  which  were 
in  the  concrete,  except  No.  3,  Fig.  5,  which  had  no  current. 
No.  5,  Fig.  8,  which  was  in  the  salt-water  block,  shows  the 
most  severe  case,  having  a  hole  through  the  iron.  This  hole 
is  one  inch  long  and  three  eighths  of  an  inch  wide  at  its  widest 
part,  as  genuine  a  case  of  electrolysis  as  any  we  have  seen  in 
larger  pipes  removed   from  a  street. 

Refeiring  to  the  photographs  of  the  blocks,  all  but  No.-3 
(which  had  no  current)  show  the  discoloration  made  by  the 
iron  rust,  extending  in  most  cases  through  what  were  cracks 
to  the  outside  surface.  No.  3  shows  a  perfectly  clean  -and 
hard  interior  surface.     As  the  report  states,  there  was  no  evi- 


Ceiock  6)  Fio.  9. 

d^;i€e  of  corrosion.  It  was  like  breaking  open  a  piece  of 
granite,  and  required  the  services  of  a  **  hard-handed  son  of 
toil  **  with  a  sledge-hammer  and  chisel.  The  other  blocks 
which  were  under  test  could  be  pried  apart  with  an  ordinary 
screw-driver  inserted  in  the  cracks. 

Attention  is  called  to  block  5.  Fig.  9  (sea  water)  where 
one  of  the  cracks  is  shown  at  the  back  and  about  the 
centre  of  the  curve  from  which  the  iron  tube  was  removed.  The 
object  of  using  sea  water  in  our  tests,  as  well  as  fresh  water, 
was  to  ascertain  and  compare  the  resistances  shown  in  the 
curve  sheet,  and  also  to  conform  as  nearly  as  possible  to  condi- 
tions found  in  practice,  such  as  bridge-piers  and  other  structures 
located  on  water-fronts. 
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These  tests  and  experiments  go  to  show  that  only  a  small 
fraction  of  an  ampere  is  necessary  to  cause  electrol}rtic  action. 
The  element  of  tinie  being  always  with  us,  it  is  only  necessary 
where  electric  currents  are  present  of  sxifiicient  voltage  in  the 
proper  direction  to  cause  even  a  very  small  amount  of  cur- 
rent to  pass  that  will  in  time  cause  corrosion  upon  interior  steel 
structures,  whether  placed  in  concrete,  brick,  or  in  granite 
masonry.  It  is  not  expected,  however,  that  large  granite 
piers  would  develop  cracks,  but  electrolysis  to  interior  steel 
work  and  to  bridge  anchorages  may  go  on  just  t&e  same. 
Cracks  may  develop,  however,  in  concrete  piers  of  small  bridges, 
such  as  those  which  cross  creeks  or  canals. 

By  way  of  a  practical  illustration,  there  is  a  bridge  in  this 
city  of  this  description  over  the  Go wanus  canal,  South  Brooklyn, 
at  Hamilton  avenu^.  A  porfiofi  of  tiie  Bridge  Commissioner's 
report  ending  June  30;  W06,  referring  to  this  bridge,  is  as  follows: 

Hamilton  Avsnub  Bridge.* 
Since  construction,  the  foundation  walls  of  this  bridge  have  developed 
some  rather  serious  cracks,  occurring  on  both  sides  of  the  canal,  and 
there  has  been  a  movement  of  the  ^nralls  towards  the  centre  of  the  canal. 
During  the  last  three  months  this  movement  has  amoimted  to  half  an 
inch.  Previotisly  the  movement  totaled  about  three  and  one-half 
inches.  From  October  to  March  there  wds  practically  no  movement. 
A  continuation  of  this  movement  for  several  inches  more  will  result  in 
the  necessity  of  alterations  ip  the' centr^.  of  the  leaves,  as  they  will  inter- 
fere before  the  bridge  can  be  ftilly  closed. 

With  a  view  of  ascertaining  tHe  electrical  conditions,  we 
have  made  a  few  tests  at  this  "bridge.  The  voltmeter  readings 
show  the  steel  structure  "to  be  positive  to  the  canal /positive 
to  water-mains  in  the  street,  and  positive  to  the  trolley-rails 
on  the  bridge,  ranging  from  0.5  to  1.5  volts.  These  readings 
were  taken  when  the  car-traffic  was  light.  Some  of  the  cracks 
on  the  concrete  had  been  plastered  over,  but  others  were  quite 
visible.  The  tests  indicate  that  the  trolley  tracks  on  the  bridge 
are  in  connection  with  the  steel  structure.  Tests  were  also 
made  on  another  bridge  of  the  same  construction  a  little  farther 
north  over  the  same  canal,  at  Ninth  street.  The  readings 
here  were  exactly  the  reverse  of  those  found  at  the  Hamilton 
avenue  bridge,  the  structure  being  negative  to  canal,  to  water- 
mains  and  tracks.  There  were  no  visible  cracks  in  the  concrete 
of  either  foundation.  Although  the  cracks  in  the  concrete 
of  the  Hamilton  avenue  bridge  are  attributed  to  other  causes 
in  the  Commissioner's  report,  we  believe  these  tests  and  ob- 
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servations  point  strongly  to  electrolytic  action  from  trolley 
currents  as  being  the  true  cause.  This  seems  to  us  the  more 
reasonable  cause  for  these  cracks,  in  view  of  the  results  of 
3ur  laboratory  experiments  just  described.  Ordinary  care 
would  suggest  that  costly  structures  of  this  kind  in  this  or 
Dther  cities  should  be  periodically  inspected  for  evidence  of 
electrolytic  action  upon  the  interior  steel  work,  especially  if 
located  contiguous  to  water,  or  in  the  vicinity  of  electric  railways 
or  railway  power  stations  as  in  the  case  just  cited.  Further- 
more, this  question  should  be  carefully  considered  when  such 
structures  are  planned,  and  tests  made  at  locations  of  proposed 
bridges  or  other  structures  to  ascertain  the  electrical  conditions 
and  the  possibilities  of  injury  due  to  electrolysis  from  stray 
currents. 

This  question  of  electrol)rtic  corrosion  of  interior  steel  in  the 
construction,  of  high  buildings,  however,  has  not  been  entirely 
neglected.  There  is  at  least  one  case,  that  of  the  New  York 
Times  building,  where  provision  has  been  made  in  advance  as 
a  protection.  In  the  Building  Supplement,  issued  by  that 
paper,  dated  January  1st,  1905,  an  interesting  description  is 
given  in  detail  of  the  entire  construction  of  that  building. 
The  following  extract,  referring  to  electrolysis,  will  be  of  interest: 

The  danger  that  in  the  cas^  of  the  steel  frame,  rust  and  the  disintegra- 
tion of  electrolysis  woulj}'  hasten  the  process  of  dissolution  so  much  as 
to  make  structures  of  this  kind  prematurely  imsafe  through  the  de- 
struction of  their  supports,  was  recognized  in  time  to  permit  of  ample 
safeguarding  in  the  case  of  the  steel  frame  of  the  Times  building.  It 
is  axiomatic  that  columns  to.  which  moisture  has  no  access  will  not  be 
impaired  by  rusting,  and  that  those  effectually  insulated  from  vagrant 
electrical  currents  will  not  be  affected  by  electrolysis.  The  first  con- 
sideration was  to  keep  the  basements  dry.  Hence  the  thorough  water- 
proofing and  draining  of  the  retaining  walls  already  described,  which 
was  carried  under  the  floor  of  the  press  room,  occupying  the  great  area 
of  the  sub-basement.  As  a  further  safeguard,  all  the  steel  membeis 
up  to  the  street  level  are  incased  in  Portland  cement  mortar,  to  the 
minimum  thickness  of  three-fourths  of  an  inch.  This  is  effectual  protec- 
tion ag;9,inst  rust  deterioration.  Under  these  conditions  electrol3rtic 
disintegration  is  deemed  impossible,  but  the  probability  of  its  occurrence 
in  even  microscopic  degree  is  rendered  still  further  remote  by  as  perfect 
insulation  as*  can  be  provided.  There  is  sufficient  grounding  to  relieve 
any  electrical  tension  which  may  exist  In  any  part  of  the  steel  frame 
by  drawing  off  the  current  at  points  where*  electrolj^lc  action  cannot 
be  set  up. 

This  is  the  first  instance  we  have  noticed  where  a 
large  corporation  has  recognized  this  danger  and  has  taken 
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Steps  beforehand  to  avoid  it.  The  protection  of  steel  structures 
already  constructed,  however,  is  a  different  matter.  While 
plans  may  be  made  to  provide  insulating  methods  and  water- 
proofings,  before  construction,  it  is  not  easy  to  prevent  corrosive 
action,  when  the  conditions  are  favorable,  after  construction.  . 

Another  point  which  may  have  an  important  bearing  on 
this  subject  is  the  great  pressure  upon  pillow-blocks,  and  upon 
piers  supporting  as  they  do  enormous  weights,  which  serve  to 
make  excellent  electrical  contact  with  concrete  or  masonry  on 
which  they  stand,  and,  therefore,  offer  further  opportunity 
for  inviting  stray  currents. 

Figs.  10  and  1 1  are  photographs  of  the  underside  of  two  water 
meters  which  were  practically  destroyed  by  electrolysis  while  in 


Fig.  10. — 300  ft.  from  nearest  track.     Fig.  1 1 .   -675  ft.  from  nearest  track 

service  in  the  cellars  of  dwellings  in  a  distant  city.  They  were  dis- 
covered during  a  survey  by  the  writer  in  October  last.  They  are 
shown  as  an  illustration  of  how  railway  currents  will  follow  a  serv- 
ice pipe  for  a  considerable  distance  from  the  tracks,  enter  a  build- 
ing, and  find  an  outlet  to  ground  in  the  damp  soil  of  a  cellar. 
This  furnishes  an  opportunity  for  current  to  pass  into  the  iron 
foundations  of  large  buildings  where  such  service  pipes,  either 
water  or  gas,  are  connected,  as  they  usually  are,  to  the  framework 
of  such  structures. 

These  illustrations  are  by  no  means  isolated  cases.  We 
have  discovered  many  similar  cases  of  current  straying  into 
buildings  in  different  cities  in  this  country.  There  were 
three  meters  found  destroyed  in  this  way  in  different  sections  of 
the  city  from  which  they  were  taken.  They  were  from  one  to 
two   miles  apart.       The  distance  from  the  tracks  of  Fig.  10  was 
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300  ft,  and  of  Fig.  11,  675  ft.    All  of  these  meters  were  on  side 
streets,  at  right  angles  to  the  car  tracks, 

IN  RBGARD  TO  REMEDIES 

Coatings  of  various  kinds  of  paints  or  varnishes  will  be  of 
little  use  as  an  insulation,  for  it  must  be  borne  in  mind  that 
not  only  a  moisture  resistant  is  required,  but  an  insulation 
that  will  resist  continual  moisture,  and  also  that  will  stand  the 
pressure  of  great  weights. 

From  these  laboratory  experiments,  as  well  as  observations 
in  practice,  we  draw  the  following  conclusions. 

1.  Steel  structures  are  well  preserved  from  ordinary  corrosion 
by  concrete  if  placed  either  in  salt  or  fresh  water.  This,  however, 
has  long  been  known. 

2.  If  but  a  small  fraction  of  an  ampere  of  electricity  passes 
from  an  interior  metallic  column  or  structure  into  concrete  or 
masonry  as  usually  made,  there  will  be  corrosion  of  the  metal 
and  disintegration  of  the  concrete  or  masonry. 

3.  Structures  of  steel  in  concrete  that  are  subject  to  sea 
water  are  in  more  danger  from  electrolytic  action  than  those 
in  fresh  water,  by  retison  of  the  lower  resistance  of  concrete  in 
sea  water  as  shown  by  the  laboratory  experiments. 

4.  In  no  sense  can  concrete  be  considered  an  insulator,  and, 
as  shown,  it  is  from  all  appearances  just  as  good  an  electrolyte 
as  any  of  the  soils  fotmd  in  the  earth. 

Other  investigators  in  this  field  have  given  valuable  informa- 
tion on  this  subject.  Mr.  Maximilian  Toch,  in  a  paper  before 
the  American  Electrochemical  Society  in  June  last,  gives  an 
interesting  account  of  some  experiments  conducted  by  himself 
with  steel  in  concrete,  and  although  on  somewhat  different 
lines  to  our  own,  arrives  at  practically  the  same  results. 

Mr.  M.  P.  Wood,  in  his  excellent  work  entitled  "  Rustless 
Coatings,  Corrosion,  and  Electrolysis  of  Iron  and  Steel,"  refers 
to  this  subject  as  follows: 

It  is  a  false  reliance  that  masonry,  mortar,  concrete,  or  cement  are 
impervious  to  moisture  and  incapable  of  acting  as  an  electrolyte  such 
as  would  induce  electrolysis.  They  are  not  insulating  substances,  or 
at  the  best  only  in  the  smallest  degree  under  the  most  favorable  circum- 
stances. They  are  positively  porous  and  in  nearly  every  case,  whether 
tested  in  large  or  small  mass,  are  permeable  to  all  waters  or  moisture 
and  gases,  and  in  but  a  few  exceptional  cases  ever  become  thoroughly 
dry. 
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It  is  therefore  to  be  expected  that  so  long  as  the  single  trolley 
with  its  grounded  return  is  in  general  use,  just  so  long  may  we 
look  for  electrolytic  action  in  some  form  upon  various  under- 
ground structures;  and  reinforced  concrete  is  no  exception  to 
the  rule. 

It  is  not  at  all  surprising  that  such  currents  are  busy  at 
steel  work  of  bridge-anchorages.  Whether  enclosed  in  concrete 
or  masonry,  these  materials,  as  we  have  endeavored  to  show, 
are  no  protection  from  straying  railway  currents  when  the 
conditions  are  favorable  for  electrolytic  action.  In  view, 
therefore,  of  these  items  presented  and  the  enormotis  use  to 
which  concrete  and  hydraulic  cements  are  now  put,  it  would 
seem  that  this  question  should  receive  due  consideration  by 
those  who  have  to  do  with  planning  and  constructing  important 
public  works  and  buildings,  as  well  as  those  who  are  entrusted 
with  the  care  and  safety  of  such  structures. 
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SOME  THEORETICAL  NOTES  ON  THE  REDUCTION  OF 
EARTH  CURRENTS  FROM  ELECTRIC  RAILWAY 
SYSTEMS  BY  MEANS  OF  NEGATIVE  FEEDERS 


BY  GEORGE  I.  RHODES 

The  subject  of  earth  currents  caused  by  electric  railway 
systems  is  of  such  importance  that  it  is  believed  a  few  theoretical 
notes  on  the  relative  efficiencies  of  different  return  feeder  sys- 
tems in  reducing  stray  currents  will  not  be  without  interest. 

Consider  any  system,  the  potential  of  whose  running  rails 
may  be  represented  by  the  Curve  /,  Fig.  2,  which  is  plotted  with 
distances  from  the  power  house  or  sub-station  as  abscissas,  and 
potentials  of  the  rails  referred  to  the  negative  bus-bar  as  or- 
dinates.  Assume  for  the  time  being  that  all  resistance  offered 
to  current  flowing  from  the  tracks  to  earth  is  in  the  contact 
between  rails  and  earth. 

Let  a  =  contact  resistance  per  foot  between  rails  and  earth. 
/  «  distance  from  power  station. 
V  =  potential  of  rails  referred  to  negative  bus-bar. 
tg  =  total  leakage  current. 
Now  if  the  negative  bus-bar  is  completely  grounded,  and  the 
earth  of  uniform  potential,  as  would  be  the  case  if  it  had  zero 
resistance, 

^  V  d  I 

If  a  is  uniform  over  the  entire  line,  it  is  evident  that  the 
leakage  current  will  be  measured  by  the  area  enclosed  between 
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the  potential  curve  of  the  track  and  the  line  of  zero  potential. 
If  the  contact  resistance  is  not  uniform,  the  area  will  not  be  a 
true  measure,  but  it  will  still  be  indicative  of  the  amount  of 
current  flowing  from  the  rails. 

If  now  the  negative  bus-bar  is  insulated,  the  earth  will  have 
a  potential  with  reference  to  it  such  that  the  current  flowing 
out  of  the  rails  shall  be  equal  to  that  flowing  into  them. 
Under  the  assumption  of  uniform  contact  resistance  between 
track  and  ground,  this  potential  will  be  such  that  the  areas 
enclosed  by  the  curve,  above  and  below  the  line  of  earth  po- 
tential, are  equal. 

The  assumption  that  the  earth  is  of  uniform  potential  is  ob- 
viously far  from  correct,  for  since  its  resistance  is  not  zero  it 
is  affected  to  a  certain  extent  by  the  presence  of  a  grounded  con- 
ductor of  different  potential.     If  the  curve  is  plotted  with  refer- 


FiG.  1. — Distribution  of  copper  for  uniform  drop. 


ence  to  the  ground  in  the  vicinity  of  the  rails  as  zero,  the  area 
enclosed  by  the  curve  will  then  measure  the  true  leakage  current 
with  the  above  limitations;  but  if  the  curve  is  plotted  with 
reference  to  the  earth  at  that  point  where  the  rails  and  ground 
are  at  the  same  potential,  the  area  enclosed  will  not  measure 
the  actual  leakage,  but  rather  the  maximum  current  that  would 
flow  if  the  earth  offered  no  resistance  except  at  the  surface  of 
cofttact  with  the  rails. 

On  this  latter  assumption,  then,  the  following  cases  will  be 
considered,  both  with  the  negative  bus-bar  thoroughly  grounded 
and  insulated.  The  load  is  considered  to  be  uniformly  distrib- 
uted over  the  whole  line,  which  extends  in  one  direction  only 
from  the  power  station. 

I.  No  copper  in  return  circuit. 

II.  Copper  of  uniform  section  bonded  to  the  rails  at  short 
intervals. 
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III-  Copper  distributed  to  give  uniform  drop,  bonded  to  the 
rails  at  short  intervals. 

IV.  A  single  insulated  negative  feeder  connected  to  rails  at 
middle  of  the  line,  and  at  the  power  station. 

V.  A  single  insulated  feeder  connecting  the  rails  to  the 
negative  bus-bar  only  at  the  middle  of  the  line. 
VI.  Several  insulated  feeders. 

VII.  Several  insulated  feeders  with  equal  potentials  at  all 
feed  points. 


NlNy 


Fig.  2.— Potential  Curves,  Cases'I-V, 


The  following  notation  will  be  used: 

i  =  current  at  any  point  on  line. 

/  =  total  current. 

V  -»  potential  at  any  point  referred  to  bus-bar  as  zero. 

J  =  distance  from  power  station. 

L  =  total  length  of  line. 

r  =  resistance  per  foot  of  return. 

p  —  10.30  "=  resistance  per  cir.  mil-foot  of  copper. 
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(o    =  0.00,000,302  lb.  =  weight  per  cir.  mil-foot  of  copper. 

5,-    =  equivalent  conductivity  of  track  rails  in  cir.  mils  of  copper 

Sc   =  cir.  mils  of  return  copper  at  power  station. 

W  =  weight  of  return  copper. 

A  =  area  representing  leakage  current  with  negative  bus-bar 
grounded. 

a  =  area  representing  leakage  current  with  negative  bus-bar 
insulated. 

I.  No  return  copper. 


-'(-^-) 


Si 


--f'^'-if  i'-k) 


The  curve  represented  by  this  equation  and  shown  as  Curve  /, 
Fig.  2,  is  a  parabola  whose  axis  is  parallel  to  the  axis  of  v  and 
whose  apex  is  at  the  point 

J  r  pi  L 

With  the  bus-bar  grounded,  the  area  beneath  the  curve 
measures  the  leakage  current,  and  is, 

as  obtained  by  means  of  the  usual  formula  giving  the  area  en- 
closed by  a  parabola. 

With  the  bus-bar  insulated,  it  can  be  shown  by  equating  the 
areas  enclosed  by  the  curve  above  and  below  the  neutral  line 
that  the  earth  and  rail  are  at  the  same  potential  at  the  point 


^•-('-;^) 


and  the  area  representing  leakage  current  is 
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11.  Return  copper  of  uniform  section. 

t  =»  /  n — j-j  as  before 

Si  +  Sc 


""-IT^i'-TL) 


The  curve  representing  this  equation  when  Sc  =  Si  is  shown 
as  Curve  //,  Fig.  2.     It  is  a  parabola  as  in  Case  I,  but  its  ordi- 

nates  bear  the  ratio  — ^ —  to  those  of  the  first  curve. 

The  area  representing  leakage  current  with  grounded  bus-bar 
can  be  shown  to  be 


Si-\-Sc       3  Si 
and  with  the  bus-bar  insulated  the  neutral  is  at 

making 

Si pi  L* 


~      3^3  (5, +  5,)          3  s, 

The 

weight  of  copper  is 

W  =  <oScL 

III. 

Copper  distributed  for  uniform  drop. 

»  =  /  M  —  J- 1  as  before 

P 

That  is,  the  conductivity  is  proportional  to  the  current. 
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pll 


Si-^-Sc 


a  straight  line. 


It  is  evident  that  this  equation  can  hold  only  when  /  is  such 
that 


(5,-f5,)  (l--^)  =5, 


then  I  =  L.  =^  L  — ^^— 

'  Si  +  Sc 

For  values  of  />Li,  the  conductivity  is  unifonn  and  equal  to 
t^at  of  the  rail  return  (see  Fig.  1). 

From  /  =  Lj  to  /  =  L 

Si 

This  curve  is  that  portion  of  the  parabola  /,  Fig.  2,  beyond 
/  =  Lp   dropped  until     it     is    tangent    to    the    straight    line. 

v=  -^^-.      See  III,  Fig.  2. 

Si  +  Sc 

The    area    representing    leakage    current    with    the    bus-bar 
grounded  can  be  shown  to  be 

5,(3  5,' 4- 6  5,- 5, +  2  5,^)     pIU 
"2(5.  +  5,)«  •     3  5,- 

and  with  the  bus-bar  insulated  the  neutral  point  is  at 


^^        2     r      3(5,  +  -V)M 


for  values  of  Sc>0.815  5,,  making  Li>L„. 
This  makes 

_   5.   (3  5,'  +  6  5.-5,  +  2  5.')'         pIU 

°  24  (Si  +  s,)^  •    -6  Si 
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The  weight  of  copper  used  is 

Tl/  I-i  (JJ  Sc^  L 


'^        2  {Si  +  Sc) 

In  order  to  compare  properly  this  case  with  Case  II,  equal 
amounts  of  copper  must  be  used  making 


;   3 

^  III 


2  (5*4-5.  J 


=    Sc 


IV.  Single  insulated  return  feeder  from  middle  of  line.     Con- 
nection to  rails  at  power  house. 

By  the  use  of  Kirchoff's  laws  it  can  be  shown  that 

From  /  —  0  to  /  =  ^ 


Si 


V  4(5^  +  5,)/         'L 

Si 


From  /  =  ,^-  to  i  =  L 


..     ;    '('-t) 


•-  2 


5.    (         2  2L        ^    2^4  (5, +  5,);] 

Both  curves  are  portions  of  the  parabola  of  Case  I  (see  IV, 
Fig.  2) 

The  area  representing  leakage  current  can  be  shown  to  l)e 

(         32(s,  +  5,)     *  3i, 
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and  with  the  bus-bar  insulated 

^^  =  ^  li-vW'-i6(!/U)[ 

making  a  =  -J- ^ ?A— V      ^L^ 

The  weight  of  copper  used  is 

•^  2 

Making  for  proper  comparison  with  Cases  II  and  III 

V.  A  single  insulated  return  feeder  from  middle  of  line.     No 
other  connection  to  rail. 

It  can  be  shown  that  from  /  =  o  to   *'  =  -jr- 


and  from 


i 

= 

L 

'   1 
-2i 

-  + 

c 

8sJ 

pIP 
2LSi 

/  = 

L 
2 

to  /  = 

L 

These  are  two  symmetrical  portions  of  the  parabola  of  Case  I 
intersecting  at  the  point  /  =  -17    v  =  ^—  (see  V,  Fig.  2). 
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With  the  bus-bar  grounded  the  area  representing  leakage 
current  is 


A  =  ^^i'^^c    p  I 


U 


4  5c       '     3  5. 

and  with  the  bus-bar  insulated  there  are  two  neutral  points  at 


making  a  = 


1        pIU 
12v/3      3  5. 


The  weight  of  copper  is  the  same  as  in  Case  IV. 

VI.  With  several  instilated  feeders  the  potential  curve  will 
take  a  form  similar  to  that  of  Case  V  in  which  the  curve  between 
any  two  feeders  is  a  portion  of  the  parabola  of  Case  I.  If  the 
feeders  are  of  uniform  size,  the  general  form  of  the  potential 
curve  will  approach  the  straight  line  of  Case  III  as  the  number  of 
feeders  is  increased  indefinitely.  With  a  single  feeder  the  area 
measuring  leakage  current  is  larger  than  for  the  case  with  the 
copper  distributed  for  uniform  drop,  and  with  increasing  num- 
ber of  feeders  this  area  will  approach  it  as  a  limit. 

With  feeders  graded  in  size  to  give  uniform  potential  at  the 
feed  points  the  curves  will  be  of  the  forms  in  Case  VII. 

VII.  Several  insulated  feeders  with  equal  potentials  at  feed 
points. 

In  this  case  the  uniformly  equal  potentials  at  the  ends  of 
feeders  may  be  secured  by  properly  adjusting  the  sizes  or  by 
means  of  negative  boosters.  By  adjustment  of  sizes,  the  po- 
tential of  the  track  must  necessarily  be  greater  than  that  of 
the  bus-bar,  and  if  there  is  a  solid  ground  at  the  power  station 
there  will  be  a  leakage  current  due  to  this  difference;  but  with 
the  use  of  boosters  the  potentials  at  the  ends  of  the  feeders 
can  be  maintained  uniform  with  the  negative  bus-bar,  and  fur- 
thermore, this,  with  a  widely  fluctuating  load  such  as  is  the 
case  on  an  electric  railway. 

For  the  best  results  with  a  given  number  of  feeders  it  is  evident 
that  they  must  be  connected  to  the  rails  at  such  points  as  will 
give  equal  maxima  on  the  potential  curves.  This  may  be  ac- 
complished in  two  ways,  viz.: 
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1.  No  connection  to  rails  at  power  station,  and  distance  be- 
tween feed  points  twice  the  distance  from  the  power  house  to 
the  first  point,  and  from  the  last  point  to  the  end  of  the  line. 
(See  Fig.  3.) 

2.  Connection  to  rails  at  power  house  with  the  distance 
between  feed  points,  and  from  the  power  station  to  the  first 
feed  point  equal  to  twice  the  distance  from  the  last  point  to 
the  end  of  the  line.     (See  Fig.  4.) 


Fig.  3. — Potential  of  negative  referred  to  bus-bar. — Case  VII. 

1.  With  a  single  feeder  and  no  connection  at  power  house, 
the. feed  point  for  equal  maxima  will  be  at  the  centre  of  the  line. 
(See  Fig.  3.)  the  potential  curve  being  made  up  of  the  upper 
portions  of  the  parabola  of  Case  I,  also  shown  in  Fig.  3. 

With  the  bus-bar  grounded  the  area  beneath  this  curve  is 


A  =  2X 


X^  X 


4    2^7 


\   pIU 
4     3  5,' 
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With  two  feeders  the  feed  points  will  be  \  and  \  of  the  dis- 
tance from  the  power  house  and  the  area  will  be 


4-4xjx4xAx'Ji^-A«^ 


With  n  feeders  the  feed  points  will  be  at 


i    / 


Fig.  4. — Potential  of  negative  referred  to  bus-bar. — Case  VII. 


2«-  1 


2  n  '     2  «  ' 


of  the  distance  from  the  power  house  to  the  end  of  the  line, 
making 


2  n      (2  ny      2  5,       4  «-      .S  5,- 


258  RHODES:  LEAKAGE  CURRENTS.  [March  1 

2.  With  one  feeder  the  point  of  connection  to  the  rails  will 
be  at  /  =  §  L,  making 

With  two  feeders  the  points  of  connection  will  be  at  /  »  \  L, 
and  \  L,  making 

A  -  5XJX  5  X-(5yr>  ^^  -  25    g^r 
With  M  feeders  the  feed  points  ^ill  be  at 


2  4  2  H 

2  n+l     '    2  n+l  2  w+1  ^ 


making 


^  -  (2«+DX«X        ^       V         ^  -"^^  -  —J em 


1  p  /  L' 


Thus  it  is  evident  that  making  a  connection  to  the  bus-bar 
in  addition  to  using  feeders  has  the  effect  io  the  equation 

4n'       3  Si 

of  increasing  the  number  by  J  a  feeder.     This  will  explain  the 
points  as  the  curve  in  Fig.  8  of  J,  IJ,  2i  feeders,  etc. 

If  the  bus-bar  is  insulated  the  equation  for  area  representing 
leakage  current  is 

1  pi  U 


12V3  w'       3  5, 

In  the  case  of  insulated  feeders  with  negative  boosters  the 
leakage  current  from  rails  to  ground  is  entirely  independent 
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of  the  amount  of  copper  used,  and  the  size  of  feeders  is  deter- 
mined solely  by  the  cost  of  copper  and  of  power  necessary  to  run 
the  boosters. 

Having  now  found  equations  representing  the  leakage  cur- 
rents for  the  different  cases,  let  us  now  compare  them.  Fig.  5 
gives  the  cross-section  of  the  copper  at  the  power  station  in  the 
several  cases,  to  give  equal  weights  of  copper,  the  imit  of  weight 


being  o)  Si  L,  or  a  weight  of  copper  of  length  L  which  gives  a 
conductivity  equal  to  that  of  the  rails. 

Fig-  6  gives  the  relative  leakage  currents  for  the  several 
cases  (in  which  the  bus-bar  is  grounded)  plotted  to  amount  of 
copper  used.  The  unit  of  leakage  current  is  taken  as  that 
which  occurs  on  a  line  without  negative  copper,  of  which  the 
bus-bar  is  groimded. 
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Fig.  7  gives  the  relative  leakage  currents  with  the  bus-bar 
insulated. 

Fig-  8  gives  the  relative  leakage  currents  for  Case  VII  with  bus- 
bar insulated,  plotted  with  the  number  of  feeders  as  abscissas, 
the  points  representing  half  feeders  being  as  explained  above. 

It  is  at  once  apparent  that  insulating;  the  negative  bus-bar 
very  much  decreases  the  leakage   ctirrent  in  all  cases,  the  re- 


b;S|L 


Fig.  6. — Relative  earth  current.     Negative  bus-bar  grounded. 

duction  being  in  the  neighborhood  of  80%.  Further  than  this. 
it  is  unnecessary  to  consider  the  case  of  a  solid  ground  at  the 
power  station. 

With  the  bus -bar  insulated,  it  is  seen  that  the  leakage  cur- 
rents with  c(jpper  distributed  either  uniformly  or  for  uniform 
drop,  are  identical.  The  equations  do  not  represent  the  same 
line  but  they  agree  so  nearly  that  the  curves  are  identical 
within  a  very  few  per  cent. 

With  a  single  feeder  to  the  middle  of  the  line  and  a  con- 
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nection  to  the  bus-bar  at  the  power  station,  it  is  seen  that  for 
large  feeders,  the  results  are  poorer  than  for  any  other  method, 
the  divergency  becoming  greater  as  the  amount  of  copper  is 
increased;  but  with  a  single  feeder  and  no  other  connection 
between  bus-bar  and  rails,  the  leakage  is  independent  of  the 
amount  of  copper  used  and  equal  to  4.8%  of  the  original  leakage 
with  the  bus  grounded  and  no  copper  in  the  negative  circtiit. 


20 

[ 

.18 

i 

— 

_-     _- 

\ 

IG 
11 

\ 

RELATIVE  EARTH  CURRENT 

<                i                ' 

I 

12 

O.C0 

\ 

• 





10 

^ 

\y 

^n 

V^ 

8 

X 

X 

K] 

Vjl  ai 

— — Livi 

d  III      1             _| 

1 

e 

1 

^^ 

^^. [                    V 

« 

4 





- 

^ 

-~ 

-^ 

ft 

A 

w 

EIGHT  0 

F  COPPI 

[R 

Fig.  7. — Relative  earth  current.     Negative  bus-bar  insulated. 


This  latter  is  really  covered  by  Case  VII.  The  great  superi- 
ority of  the  boosted  negative  feeder  method  of  reducing  earl!, 
currents  is  at  once  apparent,  two  feeders  reducing  the 
leakage  to  1.2%  of  its  original  value  with  the  bus-bar  grounder] , 
or  about  6.2%  of  its  original  value  with  the  bus-bar  insulated. 
Very  little  is  gained  by  using  more  than  two  feeders. 
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In  conclusion,  a  few  figures  as  to  the  amount  of  copper  re- 
quired to  reduce  the  leakage  to  one  half  with  the  bus  grounded 
may  be  of  interest.  Let  us  consider  a  double-track  road  with 
100-lb.  rails.  The  equivalent  conductivity  of  each  rail  is  about 
1.200,000  cir.  mils  of  copper  if  well  bonded,  making  5,  =  4,800,000. 

If  the  copper  is  to  be  of  uniform  section  4.800,000  cir.  mils 
must  be  used  the  entire  length  of  the  line. 

If  the  copper  is  to  be  distiibuted  to  best  advantage  it  must 
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Fig.  8. — Relative  earth  current.     Bus-bar  insulated. — Case  VII. 


be  of  a  section  9,120,000  cir.  mils  at  the  power  station,  being 
reduced  uniformly  to  zero  at  a  point  65.5%  of  the  distance  to 
the  end  of  the  line.  The  total  amount  of  copper  used  will  be 
62%  of  that  in  the  first  case. 

If  an  insulated  feeder  to  the  centre  of  the  line  is  used,  with 
a  connection  at  the  power  house  it  must  be  of  a  section  7,200.000 
cir.  mils  making  the  weight  of  copper  75%  of  that  in  the  first 
case. 
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If  the  bus-bar  is  now  insulated  the  4,800,000  cir.  mils  of  cop- 
per extending  the  entire  length  of  the  line  will  reduce  the 
leakage  to  9.7% ;  62%  of  this  copper  distributed  tO  best  advan- 
tage will  reduce  the  leakage  to  12% ;  while  a  single  feeder  with 
a  connection  at  the  power  house,  using  75%  of  the  copper  will 
reduce  it  to  10.4%.  Using  a  weight  of  copper  determined  only 
by  its  carrying  capacity  and  the  cost  of  power,  in  two  boosted 
feeders,  will  reduce  the  leakage  to  1.2%  with  no  connection  at 
the  power  house  and  by  using  20%  more  copper  in  longer 
feeders,  to  0.77%  with  such  a  connection. 
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Discussion  on  *'  Electrolysis,"  at  New  York.  March  1, 1907 

L.  B.  Stillwell:'  The  results  of  Mr.  Hayden*s  comprehensive 
and  painstaking  tests  are  particularly  gratifying  to  all  interested 
in  the  extensive  use  of  electricity  for  railway  purposes.  While 
they  show,  however,  that  the  electroljrtic  damage  to  sub- 
surface metallic  structures  which  alternating  currents  are 
liable  to  cause  is  practically  negligible  under  ordinary  circum- 
stances, they  illustrate  also  the  fact  that  here,  as  elsewhere, 
special  conditions  may  exist  which  call  for  the  adoption  of 
preventive  measures.  The  method  of  protecting  cable  sheaths 
which  Mr.  Hayden  suggests  is  ingenious  and  interesting.  Quan- 
titatively considered,  however,  his  results  indicate  that  it 
will  rarely  be  necessary  to  adopt  his  plan  of  superimposing 
a  continuous  potential  upon  an  alternating  potential. 

Mr.  Knudson's  paper  and  that  of  Mr.  Rhodes  have'  to  do 
with  electrolysis  by  continuous  current.  This  subject  is  an  old 
one  and  in  the  nature  of  things  it  is  always  with  us.  Unfortu- 
nately in  its  discussion  the  lawyer  generally  has  been  rather 
more  prominent  than  the  engineer.  Too  often  also  the  engi- 
neers who  have  been  retained  by  one  or  the  other  parties  inter- 
ested in  litigation  or  threatened  litigation,  over  actual  or  al- 
leged damage  by  electrolysis,  have  approached  the  subject  from 
a  radically  partisan  viewpoint.  Engineers  representing  the 
owners  of  water  pix)es  or  gas  pipes  have  seriously  recommended 
that  street  railway  companies  should  be  compelled  to  provide 
complete  metallic  circuits  for  their  current,  absolutely  insulated 
from  rails  and  ground.  On  the  other  hand,  street  railway 
companies,  in  many  instances,  have  installed  their  plants  appar- 
ently with  absolute  disregard  of  the  effect  of  stray  current  upon 
the  property  of  their  neighbors ;  even  going  so  far  as  deliberately 
to  connect  their  track  return  to  lead  service  pipes  wherever 
opportunity  offered. 

Engineering  is  applied  science;  science  is  knowledge  of  facts. 
Nowhere  better  than  in  the  meetings  of  this  Institute  can  the 
essential  facts  ascertained  by  experiment  or  deduced  by  correct 
theory  be  discussed  frankly  and  fairly,  and  nowhere  better  can 
engineering  methods  minimizing  or  preventing  damage  be 
worked  out  in  a  spirit  of  fairness  to  all  concerned. 

In  the  suit  of  the  city  of  Dayton  against  the  street  railway 
company  for  alleged  damage  to  water  pipes  owned  by  the  city, 
Judge  O.  B.  Brown  in  rendering  his  decision,  admirably  stated 
the  rights  and  duties  of  the  respective  parties  in  the  following 
words: 

The  use  of  the  streets  for  water  works  purposes  is  obtained  by  tegte- 
lative  authority.  The  right  of  an  electric  railway  to  use  the  streets  is 
from  like  authority.  Each  of  these  uses  is  beneficial  to  the  public 
and  each  is  entitled  to  use  its  respective  rights,  without  inteitering 
with  the  other,  and  it  is  clear  that  no  conflict  can  occur  between  the  two 
if  each  would  remain  within  its  own  sphere  and  exercise  its  powers  with 
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due  care  and  prudence.  It  is  not  necessary  in  arriving  at  a  proper 
decision  in  this  case  to  determine  which  should  give  way  to  the  other. 
Both  are  legal,  and  both  are  important  and  of  almost  equal  necessity 
to  the  inhabitants  of  the  city. 

Each  should  exercise  its  functions  for  the  general  good,  exercising  due 
care 'not  to  interfere  with  the  duties  and  rights  of  the   other. 

There  can  be  no  question  that  in  many  of  otir  cities  and 
towns  damage  due  to  electrolysis  is  in  progress  which  might 
be  prevented  by  reasonable  application  of  known  principles  and 
methods.  That  the  prevention  is  not  employed  is  due,  in  part,  to 
our  engineers,  but  perhaps  still  more  to  the  general  unwillingness 
of  the  management  of  electric  railway  companies  to  spend  money 
in  preventing  damage  which  is  not  seen.  This  unwillingness 
to  incur  expenses  in  correcting  conditions  not  realized  by  the 
executive  management  of  the  companies  is  naturally  to  be 
expected.  The  duty  of  the  engineer  is  to  exercise  his  influence 
to  secure  a  realization  of  the  fact  that  an  ounce  of  prevention 
is  worth  a  pound  of  cure,  and  to  induce  his  client  to  take  timely 
precautions  to  protect  the  interests  of  his  neighbors,  and,  by 
so  doing,  to  protect  his  own. 

Mr.  Rhodes'  paper  is  an  excellent  theoretical  discussion  of 
the  possibilities  of  an  apparatus  probably  destined  to  do  much 
more  work  in  the  future  than  it  has  in  the  past.  Properly  ap- 
plied, it  is  of  the  greatest  value  in  minimizing  electrolytic  dam« 
age  tmderce  rtain  conditions.  The  plans  of  the  Hudson  com- 
panies contemplate  the  use  of  boosters  to  prevent  possible 
electrolytic  damage  to  the  metallic  shells  of  the  tube  tunnels 
destined  to  connect  the  Borough  of  Manhattan  and  the  New 
Jersey  shore.  The  Interborough  Rapid  Transit  Company  is 
also  proposing  to  use  them  for  a  similar  purpose  in  connection 
with  its  tunnels  under  the  East  River. 

While  the  papers  of  Messrs.  Hayden  and  Rhodes  are  con- 
vincing and  of  special  value,  that  of  Mr.  Knudson  would  seem 
deddely  to  require  revision  oT  methods  employed  before  satis- 
factory conclusions  can  be  drawn.  As  regards  Fig.  6  of  this 
paper,  the  method  employed ;  namely,  the  increase  of  potential 
to  keep  current  constant,  notwithstanding  the  apparent  tendency 
of  the  reinforced  concrete  to  protect  itself,  seemingly  makes  the 
conclusions  reached  of  little  value.  No  proof  whatever 
is  presented  that  the  splitting  of  the  concrete  blocks 
was  due  to 'electrolytic  action,  as  no  effort  had  been  made  to 
exclude  other  possible  causes,  for  example,  expansion  due  to 
chemical  change  in  the  concrete  itself.  It  is  important  to 
ascertain  the  facts  as  regards  electrolytic  corrosion  of  iron  or 
Steel  in  concrete,  but  the  paper  as  presented  fails  to  establish 
them. 

Frank  N.  Waterman :  We  all  know  that  electrolytic  phen- 
omena are  so  essentially  mysterious  to  the  average  mind  that  it 
is  almost  impossible  for  the  public  to  distingtiish  between  true 
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statements  and  false.  Electrical  engineers  should,  therefore,  be 
extremely  cautious  about  making  statements  that  might  mis- 
lead the  layman.  It  is  therefore  pecidiarly  important  that  the 
discussion  of  the  subject  by  the  Institute  should  be  careful  and 
scientific,  since  its  utterance  will  be  regarded  as  authorita- 
tive. The  papers  by  Messrs.  Hayden  and  Rhodes  are  ihost 
gratifying  in  this  respect,  but  the  paper  by  Mr.  Knudson 
contains  much  that  cannot  be  considered  as  the  last  word 
on  the  subject. 

Iron  encased  in  concrete  is  like  a  battery  electrode  in  a 
porous  cup  so  far  as  insulation  is  concerned;  of  course  cur- 
rent can  be  sent  through  it,  and  it  can  be  made  to  take  iron 
with  it.  Cement  as  a  protector  of  iron  acts  both  mechan- 
ically and  chemically.  If  a  current  is  introduced  into  the 
midst  of  it  no  protection  is  to  be  expected,  unless  by  chemical 
action  with  the  initial  products  of  the  decomposition  a  protective 
or  highly  resistant  coating  is  formed  which  will  restrict  the  flow 
of  current.  In  Mr.  Knudson's  paper  five  samples  of  cement  were 
used,  but  the  author  has  not  told  us  about  the  physical  or  chemical 
properties  of  the  cement,  how  long  it  had  been  cast,  or  its  age 
or  condition  when  cast.  Whether  it  contained  free  lime  tending 
to  make  it  develop  expansion  cracks,  or  whether  its  constitution 
predisposed  it  to  shrinkage  cracks,  are  not  set  forth.  These  facts 
are  important,  and  should  be  carefully  considered  in  accounting 
for  the  cracking  of  the  blocks. 

I  should  like  to  know  the  condition  of  the  iron  surfaces  before 
weighing  and  casting — whether  they  were  turned  or  filed  bright 
or  were  coated  with  oxide  grease  and  dirt ;  and,  too,  did  the  same 
person  that  did  the  original  weighing  do  the  final  weighing? 
And  how  was  the  cement  removed  from  the  iron  surface?  It 
appears  that  the  coating  on  the  surface  was  not  dissolved  off 
but  was  scraped,  in  the  case  of  the  samples  subjected  to  current, 
while  the  single  specimen  not  subjected  to  current  was  not 
scraped.  Therefore,  I  think  it  would  be  interesting  to  learn 
how  much  of  the  material  set  down  as  loss  was  original  oxide 
and  dirt,  how  much  was  natural  corrosion,  and  how  much  good 
iron  filings?  The  maximum  depreciation  as  given  is  about  1.6 
oz.  in  3  lb.  7  oz.,  or  less  than  two-thirds  of  the  expected  loss. 

In  the  passage  of  current  through  the  samples,  Mr.  Knudson 
says  that  a  constant  current  was  sent  through,  the  voltage  being 
remorselessly  raised  1400%  to  effect  the  result.  It  seems  to 
me  that  the  raising  of  the  voltage  to  that  extent  would  in  itself 
baffle  the  efforts  to  determine  the  utility  of  cement  as  a  protector. 

We  are  told  that  the  cement  cracked,  it  would  be  interesting 
and  valuable  to  know  whether  a  current  will  have  such  an  effect 
on  cement  and  if  so  to  what  particular  action  or  influence  it  is 
due. 

Fig.  6  suggests  that  the  samples  subjected  to  current  very 
soon  began  to  protect  themselves,  and  that  to  maintain  the  cur- 
rent flow,  the  voltage  had  to  be  raised  to  42  volts,  or  14  times  the 
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minimum  energy ;  that  is,  to  4.2  watts.  The  surface  of  the  pipe  was 
about  0.46  sq.  ft.  or  about  9.5  watts  per  square  foot  of  iron  if 
the  resistance  was  concentrated  at  the  surface.  In  the  case  of 
the  salt-water  specimen  it  seems  that  the  voltage  was  increased 
5.5  times. 

Were  these  tests  made  with  regard  to  temperature  or  the  rise 
of  temperatue  due  to  the  current?  This,  I  think  is  worth 
considering,  as  the  energy  was  so  large  as  to  cause  foaming  and 
evident  heating. 

So  far  from  indicating  that  iron  encased  in  concrete  will  be 
injured  in  practice,  these  curves  seem  to  suggest  that  had  the 
samples  been  subjected  to  anything  like  natural  conditions  they 
would  promptly  have  protected  themselves  against  damage. 
Under  such  conditions,  voltages  are  not  raised  to  many  times 
normal  values  in  order  to  force  a  definite  current  through; 
temperatures  arie  kept  at  low  and  relatively  constant  values, 
the  opposite  electrode  is  not  usually  brought  up  to  within  a  few 
inches  of  the  iron,  and  the  current  concentrated  along  a  radial 
line  through  the  concrete  as  in  these  experiments. 

If  iron  will  protect  itself  against  electrolytic  action  when 
encased  in  concrete,  as  the  paper  seems  to  indicate,  the  fact 
is  interesting  and  important.  If,  on  the  other  hand,  it  will  not 
be  materially  protected,  that  fact  is  also  interesting  and  important. 
But  the  paper  gives  us  no  basis  for  a  positive  opinion.  The 
measurements  seem  to  indicate  that  the  iron  will  tend  to  protect 
itself,  but  unfortunately  the  method  of  experiment  makes  it 
quite  impossible  to  say  whether  it  will   or  not. 

The  author's  conclusions  on  these  experiments  are  most 
sweeping.     Thus  he  concludes: 

If  but  a  small  fraction  of  an  ampere  of  electricity  passes  from  an 
interior  metallic  column  or  structure  mto  concrete  or  masonry  as  usually 
made,  there  will  be  corrosion  of  the  metal  and  disintegration  of  the 
concrete  or  masonry. 

What  the  author  calls  a  small  fraction  of  an  ampere  amounted 
in  fact  to  nearly  0.25  ampere  to  the  square  foot,  or  for  the  sake 
of  comparison  to  5,000  amperes  per  mile  of  30-in.  water  main; 
in  other  words,  a  current  which  is  extremely  large  compared 
with  those  likely  to  exist  in  practical  conditions  except  under 
very  exceptional  circumstances.  There  does  not  seem  to  be  any 
ground  for  the  assumption  that  the  current  had  anything  to  do 
with  the  cracking  of  the  concrete,  much  less  that  it  would  under 
practical  conditions  have  such  an  effect. 

We  are  shown  a  picture  of  a  corroded  water-meter,  but  just 
what  a  corroded  water-meter  has  to  do  with  the  subject  of  the 
paper  is  not  quite  clear.  That  an  iron  shell  resting  on  the  earth 
floor  of  a  damp  cellar  for  a  sufficient  period  will  be  destroyed 
whether  there  is  electric  current  in  the  neighborhood  or  not,  is 
well  known.  Not  the  slightest  proof  is  offered  that  this  sample 
was  in  any  way  affected  by  current. 
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One  thing  in  Mr.  Rhodes' paper  seems  tome  a  very  picturesque 
way  of  stating  what  all  of  us  have  encountered;  namely,  the 
enormous  quantity  of  copper  required  appreciably  to  reduce  the 
drop  where  the  feeders  parallel  the  track.  The  unit  which  he  takes 
is  the  weight  of  copper  of  conductivity,  equal  to  that  of  the 
rails.  It  is  an  impressive  thing  when  one  has  had  occasion  to 
figure  what  that  means.  The  natural  result  in  such  cases,  where 
reduction  of  drop  is  necessary,  is  the  negative  booster.  Un- 
fortunately, we  do  not  deal  with  the  negative  booster  on  the 
simple  lines  of  the  paper.  We  are  not  given  roads  which  run  straight 
from  the  power-house,  and  are  tmcomplicated  by  branches 
or  network.  Some  systems  can  be  reduced  to  a  plurality  of 
such  lines,  but  the  majority  will  involve  a  more  or  less  complicated 
network.  The  distribution  of  current  in  a  network  is  deter- 
mined by  constantly  changing  bond  resistances,  particularly 
where  special  work  is  not  kept  up.  The  negative  booster  offers 
an  extremely  interesting  possibility  in  that  connection.  It 
gives  the  means,  with  reasonable  watchfulness,  of  controlling 
the  distribution  of  current  in  that  network.  The  paper  dealing 
as  it  does  only  with  the  single-trolley  line,  naturally  does  not 
bring  that  out.  It  shows  the  enormous  gain  in  respect  to 
reduction  of  earth  currents,  but  does  not  show  the  other  possi- 
bility of  the  negative  booster;  namely,  the  control  of  the  dis- 
tribution of  the  return  current  in  the  network,  which  is  a  feature 
in  many  cases  of  very  great  value,  particularly  in  making  it 
possible  to  reduce  to  a  minimum  the  track  drops  in  those  regions 
where  such  current,  as  has  escaped  to  the  earth,  is  returning  to 
the  rails,  thus  giving  a  current  density  of  minimum  value  in  the 
pipes,  at  points  where  current  is  leaving  them,  that  is  where  they 
are  positive  to  the  rails. 

Paul  Winsor:  We  think  we  have  a  pretty  good  railroad  in 
Boston;  well  bonded, a  good  deal  of  return  copper,  and  we  fol- 
low it  pretty  closely.  But  in  certain  places  we  have  bad  con- 
ditions; the  trouble  we  have  had,  unknown  or  unlooked  for 
trouble,  has  taken  plac^  near  the  Harvard  power  station,  where 
there  is  a  marsh  of  salt  water,  and  beyond  which,  about  a  mile 
away,  is  the  first  car  track  in  that  direction.  A  large  nxunber 
of  water  mains  are  located  near  by,  brt  a  careful  study  of  the 
situation  has  reduced  the  electrolytic  trouble  most  materially. 
The  telephone  people  have  taken  great  pains  to  survey  their 
cables,  and  when  they  find  a  place  where  they  think  there  is 
danger  of  electrolysis,  they  consult  with  our  engineers,  and  we 
put  in  either  a  negative  feeder  or  a  connection  to  our  rail.  This 
removes  the  trouble.  On  our  own  cables  we  have  cut  the 
had  in  many  places,  made  special  connections,  and  got  rid  of 
the  trouble.  The  Metropolitan  Water  and  Sewerage  Board 
have  some  large  pipes  running  into  Boston.  We  studied  the 
matter  carefully  with  them,  and  finally  put  eleven  insulating 
joints  in  those  pipes.  Some  of  the  joints  are  of  lubber,  and 
some  are  of  wood,  ordinary  bell  and  spigot  joints,  with  |  in.  to 
J  in.  of  pine  calking. 
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Some  time  ago  we  made  some  experiments  in  operating  cer- 
tain portions  of  our  road  on  the  three- wire  system.  Some  of 
the  data  we  got  regarding  the  current  in  the  neutral  back  to  the 
station ;  that  is,  the  return  currents  through  the  rails  and  under- 
grotmd  structiu'es,  seem  to  me  of  interest  in  connection  with 
the  present  discussion.  As  we  thoroughly  appreciate  the  prac- 
tical difficulties  of  operating  stations  on  a  three-wire  system, 
the  matter  is  not  offered  as  a  panacea  for  the  cure  of  elec- 
trolytic'troubles,  nor  even  as  a  practical  method  of  operating; 
it  is  offered  simply  as  of  interest  in  the  general  discussion.  Mr. 
Coming  will  present  this  part  of  the  discussion. 

J.  W.  Conung:  A  few  years  ago  in  connection  with  the  study 
of  some  power  problems  on  our  system,  Mr.  Winsor  suggested 
that  we  investigate  the  feasibility  of  using  the  thiee-wire  sys- 
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tem.  Some  experiments  were  made,  and  in  view  of  the  papers 
to  be  presented  this  evening  it  was  thought  that  a  part  of  the 
results  obtained  would  be  a  matter  of  interest  to  the  members 
of  the  Institute.  These  results  appear  in  graphical  form  in 
Figs.  1  to  15. 

Our  system  is  supplied  with  power  from  ten  power  stations 
and  is  divided  into  upwards  of  70  feeder  sections.  In  order 
to  explain  these  results  more  intelligently,  I  will  call  your 
attention  to  Figs.  14  and  15  comprising  nine  of  these  feeder  sec- 
tions fed  by  the  Harvard  power  station  in  Cambridge.  You 
will  notice  from  these  maps  that  the  dash  lines  indicate  the 
boundaries  of  the  feeder  sections,  the  numbers  of  which  appear. 
The  heavy  lines  indicate  tracks.  Passing  through  this  district 
from  one  side  to  the  other  will  be  seen  depicted  some  48-in. 
water  mains  The  power  station  location  is  indicated  by  the 
star  (*). 
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We  operate  on  the  two-wire  single-trolley  grounded-retum 
system.  Fig.  14  represents  the  ordinary  relation  between  feeder 
sections  with  this  system.  Referring  now  to  Fig.  15,  it  will  be 
noted  that  certain   of  the  feeder   sections  have   been  shaded. 
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In  the  experiments  referred  to,  these  sections  were  supplied 
from  this  power  station  by  current  from  a  generator  connected 
in  three-wire  relation  with  the  rest  of  the  station.  No  line 
change  was  made  in  the  feeder  sections  beyond  installing  an 
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additional  set  of  insulating  joints  in  the  trolley  wire  at  the 
points  of  intersection  of  positive  and  negative  sections. 

For  the  purpose  of  our  investigations,  test-wires  were  run 
from  the  power  station  in  three  directions  for  a  distance  of 
from  1.5  to  2.5  miles,  and  simultaneous  readings  taken  at 
several  points  along  the  line,  under  both  two-wire  and  three- 
wire  operation.  The  observations  that  are  interesting  in  con- 
nection with  the  subject  this  evening  are: 

a.  Return  drop, 

b.  Potential  difference  between  pipe  and  rail. 

c.  Current  flowing  on  pipe. 

The  observations  under  two-wire  and  three-wire  operation 
were  taken  about  two  hours  apart  for  a  period  of  one-half  hour 
each,  the  endeavor  being  to  have  the  loads  on  the  individual 
feeder  sections  as  nearly  as  possible  the  same  throughout  both 
sets  of  observations. 
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Pig.  1  shows  the  return  drop  to  the  power  station  from  a 
point  about  2.25  miles  distant,  imder  two- wire  and  three- wire 
operation.  As  before  stated,  the  results  are  averages  of  readings 
taken  at  intervals  of  10  seconds  throughout  a  period  of  30 
minutes.  The  load  on  the  shaded  sections  of  Fig.  15  under 
two-wire  and  three- wire  operation  are  as  shown  in  the  following 
table: 

Table  1 


Average 

load  on  section. 

Section, 

Two-wire. 

Three-wire. 

70 
71 
73 
90 
91 

246.0 
183.6 
263.6 
413.0 
271.0 

222.0 
133.2 
251.9 
411.0 
249.0 

Totals.:...' 

1377.2 

1267.1 
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From  this  table  it  will  be  seen  that  the  conditions  with  re- 
spect to  load  are  almost  identical  in  both  cases.  It  will  be 
noted  that  the  return  drop  under  two-wire  operation,  repre- 
sented by  the  full  line,  was  reduced  to  that  under  three-wire 
operation,  represented  by  the  dash  Une,  the  drop  throughout 
this  length  being  reduced  by  about  83%. 

Fig.  2  gives  the  results  of  a  test  which  was  repeated  on  an- 
other day  in  which  practically  the  same  results  were  obtained. 
The  following  table  gives  the  loads  in  the  several  feeder  sections: 

Table  2 


Average  load  on  section. 


Section. 

Two-wire. 

Three-wire. 

70 
71 
73 
90 
.     91 

278.3 
196.9 
272.6 
488.0 
325.0 

305.2 
303.2 
275.0 
516. ( 
339.0 

Totals 

1560.8 

1738.4 

Fig.  3  gives  the  potential  relation  between  pipe  and  rail  along 
the  line  of  the  first  test-wire.  The  full  line  represents  the 
relation  under  two-wire  operation,  and  the  dash  line  the  rela- 
tion under  three- wire  operation,  values  above  the  zero  line  re- 
ferring to  positive  condition  of  pipes,  and  those  below  the  line 
to  negative  condition  of  pipes.  It  will  be  seen  that  the  high 
reading  obtained  near  the  power  station  has  been  reduced  very 
materially,  although  at  the  same  time  the  pipe  has  been  ren- 
dered positive  throughout  the  whole  length  under  consideration, 
by  a  gradually  decreasing  amount.  The  loads  in  the  several 
shaded  feeder  sections  under  two-wire  and  three-wire  operation 
while  the  above  test  was  being  made  are  shown  in  Table  3. 

Table  3 


Average  load  on  section. 


Section. 

Two-wire. 

Three-wire. 

70 
71 
73 
90 
91 

245.2 
145.2 
231.0 
524.0 
378.0 

266.6 
189.2 
295.2 
527.0 
329.0 

Totals 

1523.4 

1607.0 

Figs.  4,  5,  6,  and  7  give  results  obtained  along  the  second 
test-wire.  Figs.  4  and  5  show  return-drop  relations  on  two 
different  days.  The  current  relations  in  the  several  shaded 
feeder  sections  for  Figs.  4  and  5  are  as  shown  in  Tables  4  and  6 


276 


ELECTROLYSIS 


[March  I 


•SdWV 


1907J 


DISCUSSION  AT  NEW  YORK 


277 


Table  4 


Average  load  on  section. 

Section. 

Two  wire. 

Three-wire. 

70 
71 
73 
90 
91 

Totals 

215 
136 
241 
480 
266 

1338* 

208 
149 
262 
454 
300 

1373 

Table  5 

Average  load  on  sec 

;ion. 

Section. 

Two-wire. 

Three-wire. 

70 
71 
73 
90 
91 

224.6 
152.6 
232.4 
455.6 
264.0 

181.9 
134.6 
232.6 
464.0 
302.0 

Totals 

1329.2 

1315.1 

Attention  is  called  to  two  sets  of  results,  in  each  case  under 
three-wire  operation.  While  the  upper  set  of  observations  was 
being  taken,  section  70  was  feeding  in  the  usual  manner ;  whereas, 
while  the  lower  set  of  observations  was  being  taken  it  was  fed 
from  the  other  side  of  the  three-wire  system. 

Figs.  6  and  7  show  the  potential  relations  on  the  pipe  along 
the  line  of  the  second  test-wire  under  two-wire  and  three-wire 
operation,  and  it  is  clearly  seen  that  in  these  cases  the  potential 
differences  between  pipe  and  rail  have  been  almost  eliminated. 
The  load  relations  of  the  sections  while  these  observations  were 
being  taken  are  shown  in  Tables  6  and  7 


Table  6 


Average  load  on  section. 


Section. 

Two-wire. 

Three-wire. 

70 

234 

199 

71 

113 

111 

73 

284 

285 

90 

445 

404 

91 

249 

277 

Totals 

1325 

1276 
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Tablb  7 


Average  load  on  section. 


Section. 

Two-wire. 

Three-wire. 

70 

205 

267  . 

71 

190 

199 

73 

301 

235 

90 

488 

536 

91 

384 

370 

Totals 

1568 

1607 

Pig.  8  gives  the  return  drop  along  the  line  of  the  third  test- 
wire.  While  the  three-wire  system  was  in  operation,  section 
70  was  fed  part  of  the  time  from  one  sid^  and  the  rest  of  the 
time  from  the  other.  The  results  are  as  shown.  It  will  be 
seen  that  the  return  drop  in  this  case  was  practically  wiped  out, 
the  three-wire  potential  curve  practically  coinciding  with  the 
zero  line.  The  effect  of  reversing  section  70  in  this  case  was 
not  as  great  as  it  was  in  the  last  instance,  but  is  just  noticeable. 
The  load  on  the  several  sections  while  these  results  were  being 
taken  is  shown  in  Table  8: 

Table  8 


Average  load  on  section. 

Section. 

Two-wire. 

Three-wire. 

70 
71 
73 
90 
91 

286. 

170.6 

280 

627 

372 

321 
199 
236 
600 
380 

Totals 

1735.6 

1736 

Figs.  9  and  10  show  the  effect  on  the  pipe  potential  in  this 
district  of  three-wire  operation,  as  compared  with  two-wire 
operation,  and  similar  relations  of  potentials  are  observed  as 
have  been  observed  in  the  previous  cases. 

I  would  now  call  your  attention  to  Figs.  11,  12,  and  13, 
which  show  readings  of  current  flowing  on  the  large  mains 
which  traverse  the  district  in  question,  under  two-wire  and 
three-wire  operation.  These  readings  were  taken  for  a  period 
of  30  minutes  at  intervals  of  10  seconds.  It  will  be  seen  in 
Fig.  11  that  under  two- wire  operation  the  average  current  flow- 
ing on  the  pipe  was  42.8  amperes,  with  a  maximum  of  70  am- 
peres. Under  three-wire  operation  this  current  was  reduced 
to  an  average  of  6.3  amperes,  and  a  maximum  of  20  amperes. 
On  Fig.  12  an  average  current  of  106  amperes,  with  a  maximum 
of  155  amperes  is  reduced  by  three- wire  operation  to  an  average 
of  16.5  amperes  and  a  maximum  of  55  amperes.  In  Fig.  13  an 
average  current,  of  51  amperes,  with  a  maximum  of  70  amperes 
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under  two-wire  operation,  is  reduced  by  three-wire  operation 
to  an  average  of  6  amperes  and  a  maximum  of  20  amperes. 
The  results  in  each  one  of  these  last  three  figures  were  taken 
at  a  different  point  on  these  pipes,  the  current  being  calculated 
from  th^  resistance  of  the  pipe,  and  the  potential  drop  along 
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Fig.  15. 

a  single  length,  not  including  joints.  , In  the  case  of  the  three- 
wire  operation,  the  averages  given  are  averages  of  all  observa- 
tions, those  below  the  line  being  taken  with  a  positive  sign. 
In  these  three  cases  the  three-wire  operation  shows  a  reduction 
in  current  flowing  on  the  pipe  of  85,  85,  and  88%  respectively. 
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S.  M.  Krntner:  It  is  satisfactory  to  find  that  the  results  of 
Mr.  Hayden's  tests  agree  with  the  results  of  tests  that  I  made 
some  two  or  three  years  ago.*  I  made  tests  quite  similar  to 
those  reported  by  Mr.  Hayden,  though  not  so  many  different 
kinds  of  solutions  were  tried.  The  laboratory  tests  showed  the 
following  results: 

1.  That  the  loss  was  not  directly  proportional  to  the  ampere- 
hours,  as  repeated  weighings  of  the  same  plates  after  equal 
ampere-hours  of  current  action  failed  to  show  equal  losses. 

2.  That  the  shape  of  the  plates  had  a  very  decided  effect 
upon  the  results  obtained,  the  edges  being  by  far  the  most 
active  part  of  the  terminals.  The  best  lesults  were  obtained 
with  terminals  mounted  so  as  to  form  two  sides  of  the  box  con- 
taining the  electrolyte,  the  rest  of  the  box  being  of  impregnated 
wood.  The  terminal  plates  were  approximately  six  inches 
square. 

3.  That  it  was  necessary  to  have  a  duplicate  cell  for  every  j 
one  subjected  to  the  alternating-current  electrolysis,  the  du-  | 
plicate  being  used  to  determine  the  chemical  action  alone. 

Attempts  to  reduce  the  corrosion  loss  to  so  much  per  unit  sur- 
face, and  thus  correct  for  losses  in  various  size  cells,  gave  very 
inconsistent  results. 

4.  That  the  loss  on  the  so-called  **  gain  plate  **  of  a  cell  in 
which  a  sodium  chloride  solution  and  iron  terminals  were  used, 
when  subjected  to  the  action  of  a  direct  current,  was  greater 
than  the  losses  on  similar  plates  subjected  to  alternating  currents. 

5.  That  the  residue  in  cells,  such  as  the  last  described,  showed 
a  very  marked  difference  when  analyzed  chemically.  The  an- 
alyses of  residue  for  the  cells  subjected  to  chemical  corrosion 
only ,  and  those  subjected  to  the  alternating  current  action,  were 
very  similar,  while  that  of  the  direct  current  cell  was  very  dif- 
ferent. 

Laboratory -experiments  in  which  cells  were  used  were  car- 
ried on  for  several  months,  with  results  somewhat  similar  to 
those  obtained  by  Mr.  Hayden.  The  broad  general  conclusions 
reached  were  that: 

a.  For  iron  and  steel  there  was  in  general  little  or  no  loss 
greater  than  the  chemical  corrosion. 

b.  But  for  lead  and  tin-lead,  such  as  employed  in  cable  sheaths, 
there  was  a  slight  loss  which  varied  from  one  quarter  to  one  half 
of  one  per  cent,  of  what  would  be  obtained  from  direct  current 
under  similar  circumstances. 

A  long-time  test  was  then  undertaken  in  which  pipes  of 
from  4  to  6  feet  in  length  were  buried  for  a  period  of  one  year. 
During  all  this  time  an  alternating  current  of  25  cycles  and  25 
volts  was  applied  between  each  pair  of  pipes.  In  this  test, 
pairs  of  pipes  of  wrought  iron,  cast  iron,  and  lead  were  used. 
Each  pipe  was  carefully  weighed  and  marked  before  it  was  buried, 

♦Electric  Club  Journal,  November,  1905. 


282  ELECTROLYSIS  [March  1 

and  was  weighed  again  after  one  year's  test.  The  losses  in  weight 
of  the  several  pipes  were  not  materially  different,  it  being  on 
the  average  the  same  for  the  pipes  subjected  to  the  alternating 
current  as  for  those  subjected  to  corrosion  only.  It  is 
believed  that  a  test  of  the  kind  just  mentioned  is  much 
more  representative  of  operating  conditions  than  any  that  can 
be  carried  out  in  a  laboratory. 

Careful  visual  inspection  of  the  pipes  as  they  were  removed 
from  the  ground  failed  to  show  any  difference  between  those 
subjected  to  the  alternating  currents  and  those  which  were  not. 

Referring  to  Mr.  Hayden's  conclusions  regarding  the  electro- 
lytic effect  of  current  densities  in  amperes  per  square  foot,  I 
think  that  the  current  densities  mentioned  by  Mr.  Hayden  are 
very  unlikely  to  exist  in  actual  service.  I  found  that  it  re- 
quired about  260  volts  to  force  only  30  amperes  of  current 
between  two  terminals  each  of  20  square  feet  of  surface.  The 
terminals  were  only  6  feet  apart  and  the  earth  was  exceedingly 
moist;  the  water  was  also  very  impure,  as  a  large  part  of  it 
was  surface  drainage.  Another  test  with  similar  size  terminals 
placed  in  a  less  favorable  location  gave  only  about  7  amperes 
for  260  volts.  It  is  the  writer's  opinion  that  the  alternating 
current,  so  far  as  practical  service  conditions  are  concerned, 
will  not  cause  serious  electrolytic  damage  to  pipes. 

Calvert  Townlcy:  With  reference  to  general  electrol)rtic 
problems,  I  think  we  have  all  been  too  much  afraid  of  them. 
When  attacked  with  the  same  vigor  that  is  commonly  brought 
to  bear  on  other  problems  connected  with  the  generation  and 
distribution  of  electricity,  electroljrtic  questions  show  them- 
selves no  more  difficult  of  solution.  While  not  desiring  to  be- 
little the  damage  which  may  occur  from  neglect  to  take 
proper  precautions  against  the  electrolytic  action  of  direct 
currents,  I  do  think  it  is  time  to  discourage  giving  them 
disproportionate  importance,  and  timidity  in  their  handling. 
The  public  has  been  led  to  believe  that  electrolysis  going  on 
secretly  and  continuously  under  our  feet  is  much  to  be  dreaded ; 
but  if  those  who  have  to  do  with  underground  structures  liable 
to  electrolytic  attack,  and  those  who  have  to  do  with  the  gen- 
eration of  current  which  is  likely  to  attack  such  structures,  will 
jointly  take  pains  to  ascertain  by  suitable  measurements  what 
the  existing  conditions  are,  and  will  take  such  reasonable  pre- 
cautions to  minimize  the  troubles  as  the  state  of  the  art  per- 
mits, I  believe  that  the  seriousness  of  the  situation  will  be 
largely,  if  not  entirely,  eliminated.  As  engineers,  our  efforts 
should  be  to  bring  the  facts  before  all  interested  parties,  and 
let  it  be  known  that,  treated  intelligently  and  carefully,  electro- 
lytic troubles  can  be  largely  prevented. 

I  get  much  encouragement  from  Mr.  Hayden 's  paper.  I  have 
not  known  much  about  alternating-current  electrolysis,  but 
have  had  a  general  feeling  that  it  was  insignificantly  small. 
Mr.  Hayden 's  paper,  as  well  as  Mr.  Kintner*s  discussion,  greatly 
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strengthens  this  feeling.  As  far  as  I  know,  there  is  yet  to  be 
reported  the  first  case  of  trouble  anywhere  in  practical  service 
from  electrolysis  due  to  alternating  currents. 

I  understand  that  in  protecting  the  lead  sheathing  of  their 
cables  from  direct-current  electrolysis,  the  telephone  companies 
have  adopted  a  method  which  they  have  found  to  be  entirely 
satisfactory;  namely,  where  the  cable  is  positive  to  the  return 
circuit  they  connect  the  lead  sheath  of  the  cable  to  that  circuit 
by  a  metallic  conductor  or  bond,  so  that  any  difference  of  po- 
tential that  may  exist  between  the  lead  sheath  and  the  return 
circuit  is  practically  eliminated.  No  attention  is  paid  to  the 
sheath  where  it  bears  a  negative  relation  to  the  return  circuit; 
that  is,  where  the  tendency  of  the  return  current  is  to  flow 
from,  say,  the  rail  of  a  trolley  road  to  the  sheath.  But  where 
the  tendency  oi  the  current  is  to  flow  from  the  sheath  to 
rail,  and  electrolytic  damage  may  occur  in  consequence,  a  bond 
is  inserted.  Now  the  tendency  to  flow  from  sheath  to  rail  is  not 
concentrated  at  any  one  point.  The  positive  relation  frequently 
extends  over  a  considerable  area,  although  practice  has  shown 
that  electrolytic  damage  may  be  prevented  by  the  insertion  of  a 
bond  only  at  some  one  central  location.  Obviously, it  follows, 
therefore,  that  the  additional  drop  in  the  lead  sheath  from  the 
outlying  territory  pf  the  positive  area  to  the  central  bond  can 
be  neglected,  although  in  many  cases  it  must  represent  an 
appreciable  potential.  Mr.  Hayden  has  shown  that  under  the 
most  unfavorable  conditions,  alternating-current  electrolysis 
will  not  exceed  one  per  cent.,  and  will  seldom  equal  as  much 
as  onft-half  of  one  per  cent,  of  the  electrolytic  action  of  the 
direct  current  of  like  volume. 

In  the  light  of  the  foregoing,  then,  it  becomes  pertinent  to 
inquire  whether  the  total  tendency  towards  alternating-current 
eletrolytic  action  is  any  greater  than  the  residual  tendency  for 
such  action  from  direct  currents  in  outlying  parts  of  the  pos- 
itive district,  and  which  it  has  been  found  are  practically  negli- 
gible. I  think  we  can  all  take  a  great  deal  of  encouragement 
from  the  very  small  amount  of  electrolytic  action  found  to  take 
place  under  the  most  unfavorable  conditions  of  Mr.  Hayden's 
test,  and  from  the  interesting  comments  contained  in  Mr. 
Kintner's  discussion. 

George  F.  Sever:  It  is  fortunate  that  we  should  have  so 
valuable  a  discussion  on  this  subject  from  Boston,  because  our 
first  real  knowledge  of  electrolytic  troubles  came  from  Boston 
some  years  ago  thiough  a  valuable  paper  by  Mr.  Farnham.* 
He  investigated  this  subject  most  thoroughly  in  the  interest 
of  the  telephone  company,  and  the  West  End  Railroad  of 
Boston,  now  the  Boston  Elevated,  assisted  him  materially  in 
his  investigation.  Since  that  time,  the  subject  has  been  very 
carefully  followed  up  in  Boston,  as  well  as  in  many  other  places. 
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If  the  interests  in  all  other  cities,  such  as  New  York,  Philadel- 
phia, Chicago,  St.  Louis,  and  Pittsbuig,  should  study  this  ques- 
tion from  an  engineering  standpoint,  we  would  have  but  Uttle 
contention  as  to  the  proper  methods  to  apply  in  remedying  the 
supposed  difficulty. 

I  speak  from  the  standpoint  of  a  municipal  engineer,  who 
finds  in  his  city  some  isolated  indications  of  electrolysis.  The 
engineer,  whether  he  represents  the  water  or  gas  interests, 
reports  this  difficulty,  and  possibly  a  suit  against  the  local 
railroad  company  results.  If  the  court  reaches  any  decision, 
whatever  it  may  be,  there  is  no  assurance  that  sub-surface  con- 
ductors are  not  incurring  further  damage  In  my  opinion — 
and  I  have  carried  this  out  in  practice  in  the  city —  the  only 
way  to  handle  the  situation  is  for  all  parties  in  interest,  with 
their  engineers,  to  agree  upon  a  policy,  and  to  study  the  situa- 
tion carefully  and  together,  and  endeavor  to  reduce  the  diffi- 
culty wherever  it  appears.  I  think  we  make  too  much  of 
electroljrtic  troubles;  I  think  those  who  stimulate  this  idea  in 
the  minds  of  engineers  do  not  realize  what  electrical  engineers 
can  do  to  remedy  the  supposed  difficulty.  Some  time  ago 
the  American  Water  Works  Association  published  a  long  and 
interesting  report  signed  by  three  eminent  engineers,  recommend- 
ing that  every  trolley  road  in  the  country  be  changed  fiom 
the  single  overhead  trolley  system  to  the  double-trolley  system, 
as  a  sure  remedy  for  electrolytic  troubles.  That  interesting 
document  is  referred  to  in  almost  ever)"  electrolysis  case;  having 
the  opinion  of  these  three  eminent  engineers  behind  it,  it  is 
very  impressive  to  the  authorities.  I  think  the  Institute 
should  take  some  recognition  of  this  report,  to  the  end  of  point- 
ing out  that  the  electrical  engineer,  in  cooperation  with  the 
municipal  engineers  or  water  works  engineers,  can  mitigate  and 
cure  the  difficulty.  In  one  city  that  I  know  of,  the 
water  system  is  supposed  to  be  undergoing  continuous  damage, 
whereas  the  gas  system  owned  by  the  city  has  not  indicated 
that  any  damage  is  occurring  to  its  system. 

Mr.  Hayden's  paper  prompts  me  to  cite  the  result  of  some 
tests  and  investigations  made  at  Columbia  University  in  1904, 
on  alternating  currents  as  producing  electrol5rtic  action.  At 
that  time  we  had  available  only  60-cycle  current.  We  arranged 
cells  containing  certain  solutions  such  as  sulphates,  chlorides, 
carbonates,  and  nitrates  of  different  metals,  and  passed  current 
through  them  by  means  of  lead  plates.  From  the  results  ob- 
tained we  arrived  at  the  following  conclusions: 

1.  That  alternating  currents  can  cause  a  slight  electrolytic 
action.  2.  That  the  rate  of  this  action  is  very  much  slower 
than  with  direct  currents  of  the  same  value.  3.  When  insoluble 
or  semi-soluble  salts  are  formed ,  the  rate  of  action  with  a  given 
current  strength  decreases  with  the  passage  of  time.  4.  That 
the  resistance  of  the  cell  decreases  with  increasing  current 
strength  for  alternating  current  as  well  as  for  direct  current. 
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5.  That  the  resistance  is  not  only  in  the  liquid  itself,  but  par- 
ticularly in  the  contact  layer  where  the  electrode  and  electrolyte 
meet. 

Variations  in  the  density  of  the  current,  or  of  the  electrolyte, 
unless  excessive,  have  no  marked  effect.  Unless  subsequent 
investigations  shall  bring  to  light  differences  likely  to  exist 
in  the  earth,  in  which  corrosive  action  is  more  vigorous  than 
between  lead  and  the  common  salts  of  the  alkali  metals — and  no 
such  combinations  are  known  as  applied  to  direct-current  rail- 
way operation — the  corrosive  action  of  alternating  currents  on 
sub-surface  metal  structures  may  be  assumed  to  be  negligible. 
This  investigation  is  being  supplemented  bv  a  further  one  for 
lower  frequencies,  and  I  trust  we  shall  be  able  later  to  leport 
the  results  of  that  investigation 

Albert  F.  Ganz:  The  experiments  described  by  Mr.  Hayden 
show  that  with  an  alternating-current  electrol)rtic  corrosion  is 
generally  a  very  small  fraction  of  that  which  would  be  pro- 
duced by  a  direct  current  of  the  same  strength  and  under  the 
same  conditions.  The  action  is  explained  by  the  statement 
that  the  corrosive  effect  of  the  positive  half  wave  of  current  is 
not  entirely  reversed  by  the  reconstructive  action  of  the  suc- 
ceeding negative  half  wave.  The  reason  for  this  lies  probably 
in  the  fact  that  a  portion  of  the  products  of  the  electrolysis, 
produced  by  the  current  during  the  positive  half  cycle,  diffuses 
away  so  that  the  negative  half  wave  of  current  does  not  quite 
reverse  the  action  of  the  positive  half  wave.  Since  these  rates 
of  diffusion  vary  greatly  with  different  materials,  the  per  cent, 
of  direct-current  electrolysis  produced  by  an  alternating  current 
varies  greatly  with  different  electrolytes.  On  this  theory  the 
effect  of  increasing  the  frequency  would  be  to  diminish  the  elec- 
trolysis In  general  this  has  been  found  to  be  the  case.  The 
rate  of  diffusion  of  the  products  of  electrolysis  in  the  case  of 
metals  in  the  soil  may  also  be  governed  by  other  conditions, 
such  as  by  the  amount  of  moisture  present,  temperature,  etc., 
and  this  would  seem  to  be  so  judging  from  the  widely  varying 
quantitative  results  which  have  been  found  by  different  inves- 
tigators. 

The  suggested  protective  measure  of  superimposing  a  small 
direct  current  upon  the  alternating  current  so  as  to  add  to  the 
effect  of  the  negative  half  wave  sufficiently  to  neutralize 
completely  the  corrosive  action  of  the  positive  half  wave  is  cer- 
tainly very  interesting,  but  does  not  seem  to  me  to  be  a  desir- 
able thing  to  do  in  practice,  as  I  understand  the  proposition, 
because  it  would  mean  deliberately  to  send  a  stray  direct  cur- 
rent through  the  ground  and  to  have  this  enter  the  metal  to 
be  protected  and  return  by  way  of  this  metal.  This  stray 
direct  current,  while  small  in  percentage  of  the  alternating 
current  to  be  counteracted,  in  its  passage  through  the  ground 
may  in  itself  be  a  source  of  electrolytic  danger  to  other  under- 
ground metal. 
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Referring  to  Mr.  Knudson*s  paper,  the  curve  shown  in  Fig.  7 
is  of  importance  inasmuch  as  it  shows  that  concrete  absorbs 
a  considerable  quantity  of  water  and  becomes  an  electrolytic 
conductor  of  comparatively  low  resistance,  so  that  a  few  volts 
of  electromotive  force  between  a  metal  imbedded  in  wet  con- 
crete and  the  surrounding  water  or  wet  soil  is  sufl&cient  to  set 
up  a  current.  It  also  explains  why  attempts  to  protect  pipes 
from  electrolysis  by  embedding  them  in  concrete  have  failed. 

Mr.  Rhodes'  paper  brings  out  the  very  important  fact 
that  the  disposing  of  return  feeder  copper  is  quite  as  important 
as  the  weight  of  return  feeder  copper  used  in  the  effort  to  minimize 
stray  currents.  The  calculations  given  show,  clearly  that  the 
way  to  obtain  a  minimum  of  stray  current  from  the  grounded 
rails  of  a  single-trolley  electric  road  is  to  insulate  the  negative 
bus-bar,  and  to  employ  two  or  more  insulated  return  feeders 
either  so  proportioned  in  resistance  or  provided  with  negative 
boosters  as  to  produce  equal  potentials  at  their  connecting 
points  to  the  rails.  This  method  results  in  minimizing  the 
potential  differences  in  the  rails,  and  for  this  reason  also  mini- 
mizes stray  currents  from  the  rails. 

Mr.  Rhodes  assumes  that  the  only  resistance  encountered  is 
the  contact  resistance  between  the  rail  and  ground,  which  is 
on  the  safe  side,  as  it  gives  values  for  the  stray  currents  which 
are  too  large;  as  a  matter  of  fact  the  soil,  especially  when  dry 
and  sandy,  has  considerable  resistance. 

The  question  of  electrolysis  from  stray  railway  currents  has 
been  very  carefully  investigated  in  Germany  by  a  committee 
of  the  German  Society  of  Gas  and  Water  Engineers,  who  have 
already  issued  three  annual  reports.  Translations  of  these 
reports  for  the  years  1904  and  1905  are  published  in  abstract 
in  the  Report  on  Electrolysis  of  the  American  Gas  Light  Asso- 
ciation. The  German  committee  have  formulated  a  set  of  rules 
for  electric  trolley  roads  which  are  designed  to  prevent  trouble 
from  electrolysis  due  to  stray  currents. 

These  rules  require  permanent  bonding  of  the  rails  so  that 
the  resistance  of  the  finished  track  does  not  exceed  the  resis- 
tance of  an  equivalent  unjointed  track  by  more  than  20  per 
cent.  They  also  require  that  the  resistance  between  the  rail 
return  and  the  ground  be  made  as  great  as  possible,  and  to  this 
end  forbid  the  deliberate  grounding  of  the  negative  bus-bar 
and  of  any  part  of  the  return  system.  They  also  forbid  the 
bonding  of  the  rails  to  any  underground  pipes  or  other  metals. 

Great  stress  is  laid  in  these  rules  upon  the  installation  of 
return  feeders  in  such  a  manner  as  to  minimize  the  rail  poten- 
tials; the  following  five  of  these  rules  relate  directly  to  the 
return  feeders  and  I  will  repeat  them  here  because  they  bear 
directly  upon  Mr.  Rhodes*  paper: 

3.  Potential  difference  in  the  rail  network.  The  potential  difference 
in  the  rail  network  must  be  limited  to  a  certain  prescribed  amount, 
which  must  not  be  exceeded  with  the  greatest  or  most  un&vorabte 
loading  of  the  return  circuit. 
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The  greatest  permissible  potential  difference  must  be  determined  for 
each  place  separately,  for  it  depends  upon  local  conditions,  such  as  the 
nature  of  the  soil,  the  location  and  resistance  of  the  pipes  between  points 
of  highest  and  lowest  potentials,  the  position  of  the  pipes  with  respect 
to  the  rails,  etc.  In  special  cases,  tnis  greatest  permissible  potential 
difference  may  be  different  in  different  sections  of  a  rail  system. 

For  the  present  this  maximum  permissible  potential  difference  in  the 
rail  network  may  be  taken  as  one  voU;  this  figure  to  be  the  average  of 
readings  for  ten  minutes  during  a  period  of  full  load. 

4.  Ketum  conductors.  Where  the  rails  alone  are  not  sufficient  for  the 
return  current,  without  allowing  the  potential  difference  to  exceed  the 
prescribed  amotmt,  extra  return  conductors  must  be  provided. 

These  return  conductors  must  be  so  numerous  and  so  planned  that, 
in  conjimction  with  good  conductivity  of  the  rail  network,  they  prevent 
the  potential  difference  in  the  rails  from  exceeding  the  prescribed  amount. 

The  points  where  the  return  conductors  are  connected  to  the  rails 
should  be  located  as  far  from  the  pipes  as  possible. 

The  return  conductors  must  be  msulated  and  of  sufficient  size  to 
return  the  current  with  only  a  small  drop  in  voltage;  so  that,  if  an  oc- 
casional change  in  the  distribution  of  the  currents  occurs,  no  excessive 
difference  in  the  potentials  at  the  connecting-points  of  the  return  conduc- 
tors will  be  produced. 

The  return  conductors  should  have  a  cross-section  at  least  equal  to 
that  of  the  outgoing  conductors;  where  conditions  require  a  number 
of  return  conductors,  it  may  be  better  to  make  them  of  larger  cross- 
section  than  the  outeoin?  conductors. 

6.  Adjustability  ^  the  return  cotuiuctors.  An  essential  condition 
for  minunizing  the  potential  difference  in  the  rails,  and  therefore  the 
stray  currents,  is  that  the  potentials  be  equalized  at  all  points  where 
return  conductors  are  connected  to  the  rails.  The  resistance  of  each 
return  conductor  must,  therefore,  be  proportional  to  the  strength  of 
current  which  it  has  to  carry.  For  this  purpose,  each  return  conductor 
must  be  provided  with  an  adjustable  resistance  (or  negative  booster) 
so  that  the  product  of  current  and  resistance  may  be  made  the  same  for 
all  return  conductors. 

7.  Negative  boosters  {Sucker  dynamos).  Negative  boosters  are  to 
be  recommended,  particularly  for  the  purpose  of  automatically  regulating 
the  rail  x>otentials  at  the  connecting-points  of  the  return  conductors  in 
districts  where  the  return  conductors  are  liable  to  be  frequently  or 
seriously  overloaded. 

8.  Controlling  arrangements.  Test  wires  must  be  led  to  the  distributing 
station  from  all  points  where  return  conductors  are  connected  to  the 
rails,  and  from  all  points  of  relatively  highest  potentials  in  the  rail  net- 
work (points  between  two  return  connections  and  points  at  the  end 
of  the  track).  By  connecting  a  voltmeter,  it  must  be  always  possible  to 
determine  the  potentials  of  these  points  in  the  rails.  Arrangements 
must  also  be  provided  so  that  the  current  in  any  one  of  the  return  conduc- 
tors can  be  measured  at  any  time,  etc. 

The  laying  out  of  a  proper  system  of  insulated  return  feeders 
has  been  frequently  neglected  in  this  country,  and  even  where 
insulated  return  feeders  have  been  intsalled  they  have  only  in 
rare  cases  been  properly  proportioned  for  equal  drop  in  poten- 
tial. The  usual  method  is  to  connect  the  rails  with  the  negative 
bus-bar  at  the  station  with  large  copper  cables,  and  in  large  in- 
stallations to  run  out  additional  return  feeders  from  these  bus- 
bars to  points  on  the  rails  distant  from  the  statipn.  The  drop 
in  potential  in  each  of  these  long  return  feeders  establishes 
points  of  higher  potentials  in  the  rails  at  these  connecting 
points  than  exist  in  the  rails  at  the  station.     The  tendency  is 
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therefore  for  currents  to  leave  the  rails  in  these  distant  points  of 
higher  potentials,  pass  through  the  ground  and  buried  metals, 
and  return  to  the  rails  in  the  vicinity  of  the  station. 

Great  improvements  in  the  ground  return  circuits  could  gen- 
erally be  obtained  in  most  of  our  trolley  roads  if  these  niles 
were  followed  at  least  to  the  extent  of  insulating  bus-bars, 
removing  all  bonds  to  pipes,  and  installing  a  properly  propor- 
tioned system  of  return  feeders.  The  use  of  adjustable  resis- 
tances in  the  return  feeders  is  not  a  practicable  arrangement 
for  the  large  currents  generally  used  on  American  roads.  The 
use  of  negative  boosters  as  suggested  by  Mr.  Rhodes  is,  however, 
entirely  practicable,  and  when  applied  with  a  judicious  number 
of  instdated  return  feeders  will  tend  greatly  to  minimize  stray 
currents.  This  is  well  illustrated  by  the  curve  in  Fig.  8  of  Mr. 
Rhodes'  paper,  which  curve  shows  the  percentage  of  stray 
current  with  various  numbers  of  return  feeders,  and  is  based  on 
the  assumption  of  equal  potentials  at  the  connecting-points  of 
these  return  feeders. 

Mr.  Rhodes  says  that  very  little  is  gained  by  using 
more  than  two  return  feeders.  I  do  not  believe  that 
this  is  so  on  a  large  and  extensive  system.  Referring  to  the 
curve  in  Fig.  8  it  is  seen  that  three  return  feeders  will  reduce 
by  half,  the  stray  current  with  two  return  feeders,  and  four 
return  feeders  will  again  reduce  by  half  the  stray  currents 
produced  with  three  return  feeders.  In  a  large  system  the 
stray  currents  obtained  with  two  return  feeders  may  still  be  a 
dangerous  stray  current  making  a  larger  number  of  return 
feeders  imperative. 

C.  P.  Steinmetz:  Electrolysis  is  a  branch  of  electrical  engi- 
neering that  has  the  misfortune  to  be  of  special  popular  interest. 
It  has  been  exploited  very  thoroughly  by  the  **  yellow  **  press, 
gas  pipes,  water  pipes,  bridge  piers — all  these  public  and  private 
utilities  have  been  attacked  and  destroyed,  in  the  newspapers, 
by  this  electrochemical  phenomenon.  Fortunately,  iron  is  a 
material  which  is  not  so  easily  attacked  by  electrol)rtic  action; 
wrought  iron  is  not  attacked  very  badly,  steel  very  much  less, 
.  and  cast-iron  is  hardly  attacked  at  all .  For  the  electrical  engineer, 
the  problem  of  electrolysis  is  not  the  problem  of  protecting  the  rails 
— even  the  gas  or  water  pipes  can  in  general  very  well  look  out  for 
themselves — for  with  a  reasonable  use  of  negative  orgroimd 
feeders  there  is  little  danger.  The  greatest  danger  of  electro- 
lytic action  is  in  the  case  of  the  lead  cables  of  the  telephone  sys- 
tem. The  underground  metal  structures  which  are  suffering 
most,  are  the  underground  lead  cables — ^the  telephone  cables. 
The  power  cables  are  relatively  less  aflected,  because  they  are 
better  protected  in  subways,  conduits,  manholes,  etc.,  and 
furthermore  it  is  not  economical  to  let  a  power  cable  lie  idle. 
As  long  as  it  carries  current  it  is  at  a  temperature  above  that 
of  the  ground,  and  condensation  is  not  likely  to  occur  at  or  near 
it.  But  condensation  and  consequent  electrolytic  action  dc 
occur  at  or  near  a  telephone  cable. 
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The  telephone  companies  have  worked  out,  i  understand,  a 
system  of  protection  by  maintaining  the  cable  negative  against 
ground,  by  connecting  it  to  the  negative  terminal.  For  this 
protection  it  is  not,  as  was  stated  here  in  the  discussion,  necessai  y 
to  see  that  no  current  passes  between  the  lead  cable  and  the  rail. 
That  cannnot  be  done,  and  current  may  pass;  but  the  protection 
is  perfect  and  absolute  by  making  the  cable  throughout  its 
whole  extension  more  negative  than  the  surrounding  ground. 
As  long  as  the  lead  cable  armor  is  maintained  at  a  potential, 
however  slight,  negative  against  the  ground,  there  is  no  electro- 
lytic corrosion,  although  current  may  pass.  In  this  manner 
cables  have  been  protected.  Where  no  ground  is  used  at  the 
negative  terminal  of  the  dynamo,  but  only  return  feeders,  by 
having  negative  feeders  lead  to  the  cables  the  whole  cable  sys- 
tem can  be  maintained  at  a  negative  potential  against  grotmd ; 
even  with  a  limited  number  of  connections  between  the  cable 
and  negative  terminal,  the  cable  can  be  absolutely  protected. 

This  shows  the  importance  of  considering  alternating-current 
electrolysis.  It  has  been  stated  in  the  discussion  that  alternating 
current  electrolysis  does  not  need  to  be  feared,  because  it  is 
less  than  one  per  cent,  of  direct-current  electrolysis.  I  under- 
stand from  those  who  know  about  the  electrolytic  attack,  and 
the  danger  of  it,  with  lead  cables,  that  in  many  cases  an  electro- 
lytic corrosion  of  telephone  cables  amounting  to  one-half  per 
cent,  of  the  direct-current  action,  would  in  a  very  short  time 
be  destructive.  Therefore,  fear  is  expressed  that  even  with 
the  greatly  reduced  electrolytic  corrosion  of  the  altemating- 
curren*^  the  corrosion  would  still  be  destructive  and  harmful  to 
telephone  cables.  It  is  said  that  against  direct-current  the 
lead  cables  can  be  protected,  but  against  alternating-current 
it  does  not  seem  possible.  This  is  the  importance  of  the  last 
section  of  Mr.  Hayden's  paper,  which  shows  that  even  against 
alternating-current,  lead  cables  can  be  protected.  I  believe 
that  with  the  introduction  of  single-phase  railways  this  protection 
will  become  necessary  in  many  cases,  even  with  an  electrolytic 
action  equal  only  to  one-half  per  cent,  of  direct-current  electro- 
lysis. 

It  has  been  stated  that  the  current  densities  in  actual  practice 
between  cable  and  ground  may  not  be  as  high  as  chosen  in 
Mr.  Hayden's  tests.  I  beg  to  differ  from  that.  If  a  cable  is 
laid  in  the  groimd  through  its  whole  length,  the  total  current 
from  the  cable  to  the  ground  distributed  over  the  whole  surface 
of  the  cable  would  give  a  low  current  density,  but  that  is  rarely 
the  case  with  lead-covered  cables.  Laid  in  a  conduit,  the 
cable  is,  for  most  of  its  length,  fairly  well  insulated  from  the 
ground,  and  it  is  only  in  isolated  places  where  moisture  con- 
denses, or  otherwise  the  cable  comes  in  conducting  contact 
with  the  ground,  that  current  enters  or  leaves  the  cable  to  ground. 
In  these  spots  the  current  density  may  be  very  high,  and  rapid 
destruction  would  take  place  if  no  protective  action  were  re- 
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Sorted  to.  It  is  true  that  such  a  protective  direct-current 
would  somewhere  else  eat  up  the  metal.  But  this  is  necessarily 
so,  and  when  we  protect  lead  cables  against  electrolysis  by 
making  them  nefjative,  it  means  that  we  prevent  the  electro- 
lysis at  one  point  by  making  it  take  place  somewhere  else. 
But  this  other  place  will  be  the  rails  which  can  stand  it,  because 
even  with  direct-current  electrolysis  the  total  amount  of  corro- 
sion, when  distributed  over  the  whole  extent  of  rails,  in  the 
rail  return  does  not  amotmt  to  anything  compared  with  the 
mechanical  wear.  We  may-  well  neglect  it  altogether.  It  is 
only  in  the  thin  cable  sheaths  of  lead  cables  at  exposed  places 
where  damage  may  result,  and  the  stray  superimposed  direct- 
current  would  not  need  to  be  feared  in  its  electrolytic  effect 
on  the  positive  side  of  the  rail  return. 

As  stated,  the  problem  is  that  of  guarding  against  electrolysis 
of  lead  cables.  Guarding  against  electrolysis  of  iron  rails  and 
gas  and  water  pipes  is  not  very  difficult  and  with  alternating- 
currents  needs  hardly  to  be  considered,  except  in  very  extreme 
cases. 

To  protect  against  the  alternating-current  by  a  superposed 
direct-current  may  be  done  in  the  same  manner  as  Mr.  Rhodes 
has  shown  in  his  paper — lay  out  a  system  of  negative  feeders 
for  an  imderground  cable  system,  so  as  to  insure  that  the  total 
stray  alternating  current  will  be  within  the  limits  of  protective 
action  of  the  total  direct-current  superimposed  upon  it.  I 
think  that  a  further  investigation  similar  to  that  given  by 
Mr.  Rhodes'  paper  may  well  be  carried  out  and  will  result  in  an 
intelligent  arrangement  for  protection  of  the  lead  cable  system 
against  alternating-current  electrolysis. 

Mr.  Knudson's  paper  has  been  severely  attacked,  but  it  all 
depends  how  you  look  at  it.  I  do  not  think  that  this  paper 
can  be  considered  as  a  conclusive  decision  on  electrolytic  corro- 
sion of  iron  in  concrete,  but  merely  as  some  preliminary  ex- 
periments which  show  that  a  further  investigation  is  very 
desirable  and  should  be  made.  All  that  the  paper  really  shows 
is  that  a  piece  of  iron  in  a  concrete  block  is  affected  differently 
if  a  direct-current  is  made  to  flow,  than  if  no  current  is  made  to 
flow.  The  next  questions  to  answer  would  be :  what  is  really 
taking  place?  How  does  it  take  place?  What  is  the  meaning 
of  it?  How  can  we  guard  against  it?  The  paper  does  not 
state  what  is  taking  place;  why  the  cement  block  cracked.  It 
may  be  electrolytic  corrosion  of  the  iron,  the  formation  of 
oxides  which  occupy  a  larger  volume  and  so  increase  the  size  of 
the  iron,  and  cause  mechanical  destruction  by  the  irresistible 
force  of  the  increase  of  volume  which  leads  to  cracking.  It 
may  also  be  electrolytic  action  resulting  in  the  production  of 
chemical  compounds.  We  may  think  of  chlorine  attacking  the 
concrete  and  softening  it,  or  it  may  be  still  other  actions;  in 
short,  the  action  of  cement  requires  further  investigation.  In 
Jfr.  Hayden's  paper  also  cement  is  mentioned ;  there  the  curious 
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effect,  wtere  cement  is  not  used  by  itself  as  in  a  concrete  block, 
but  added  to  soil,  is  that  it  increases  the  spontaneous  corrosion 
of  lead.  That  also  may  be  a  chemical  action  exerted  by  the 
cement  on  the  soil.  It  also  affects  greatly  the  electrolytic  action, 
different  at  60  cycles  from  that  at  25  cycles.  In  short,  the  whole 
phenomena  resulting  from  stray  currents  on  concrete  structures 
may  well  be  further  investigated  in  view  of  the  importance  of 
concrete  as  structural  material  in  the  groimd. 

In  regard  to  the  protection,  by  negative  feeders  and  the 
permissible  potential  drop  against  ground,  the  specifications  of 
the  German  engineers  are  certainly  very  safe.  If  the  potential 
difference  between  rail  and  ground  in  the  return  circuit  is  kept 
below  one  volt,  there  will  be  no  trouble  from  electrolysis,  because 
the  pressure  is  below  the  dissociation  voltage  of  water.  This 
recommendation  deserves  to  be  classed  with  the  recommendation 
of  the  American  Water  Works  Association  Committee  of  Engi- 
neers, in  which  they  recommend  the  double-return  trolley.  The 
German  recommendation  is  not  quite  as  practicable,  however,  be- 
cause one  volt  potential  difference  is  impossible.  I  understand  in 
England  that  the  rail  return  drop  has  been  restricted  to  seven 
volts.  Those  who  have  figured  on  negative  feeders  for  any  railway 
system  know  how  handicapped  the  electrical  railroads  are 
with  regard  to  this  specification  of  seven  volts  return.  To 
restrict  it  to  one  volt,  if  that  is  really  the  recommendation  of 
the  German  engineers,  would  appear  ridiculous.  I  do  not 
think  it  can  be  done  commercially,  and  I  do  not  see  any  reason 
for  it,  since  those  metal  structures  which  are  most  liable  to  be 
attacked  are  iron  and  they  are  always  massive,  and  fairly 
well  protect  themselves.  Lead  requires  special  protection  and 
can  be  protected  by  maintaining  it  negative  against  ground. 
I  believe  a  more  sensible  specification  would  be  not  to  limit 
the  return  drop  at  all,  but  to  require  that  the  underground 
metal  structures  which  it  is  desirable  to  protect  must  be  niade 
negative  and  maintained  negative  against  the  rail,  and  then 
let  the  railroad  company  look  out  for  their  rails,  which  would  be 
the  only  structure  in  which  attack  takes  place.  All  the  water 
and  gas  pipes  should  be  connected  to  the  negative  terminal  of 
the  d3niamo,  and  maintained  negative.  That  is  a  complete 
protection  for  them. 

J.  L.  R,  Hayden  (by  letter):  Confirming  Mr.  Kintner's 
statement  under  3,  I  also  found  that  it  is  necessary  to  have  a 
duplicate  cell  for  every  test,  to  determine  the  chemical  corrosion. 
I  found,  too,  that  special  care  must  be  taken  to  keep  this  control 
cell  at  the  same  temperature  as  the  electrolytic  cell.  A  water 
bath  was  used  in  all  later  tests  for  this  purpose. 

My  experience  does  not  quite  agree  with  Mr.  Kintner^s  2, 
**  that  the  edges  of  the  plates  were  by  far  the  most  active  part 
of  the  terminals.*'  The  plates  were  usually  corroded  fairly 
uniform  all  over,  even  on  the  back,  and  the  edges  not  more 
than  should  be- expected  from  the  higher  current  density  existing 
there. 
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Mr.  Kintner's  statement  that  the  current  densities  assumed 
by  me  are  very  imlik'^ly  to  exist  in  actual  service  conditions,  I 
believe  has  been  fully  answered  in  the  discussion  by  Dr.  Stein- 
metz.  *  Dr.  Steinmetz  shows  that  with  a  cable  laid  in  a  duct, 
and  thus  partly  protected,  the  current  density  over  the  surface 
of  the  cable  is  distributed  very  unevenly;  therefore,  fairly  high 
local  current  densities  must  be  expected. 

Regarding  the  voltage  required  to  produce  such  current 
densities,  I  originally  intended  to  record  the  voltage  per  cell 
also,  but  fotmd  that  it  was  too  low  to  be  read  accurately  with 
the  available  voltmeters,  in  which  the  scale  below  20  volts  was 
not  very  reliable,  and  so  I  had  to  give  it  up.  Usually  from  6 
to  8  cells  were  connected  in  series  with  a  rheostat,  in  a  120-volt 
circuit,  and  herefrom  it  follows  that  the  voltage  per  cell  was 
well  within  the  range  of  rail-return  drop  commonly  fotmd  on 
American  railways.  In  alternating-current  railways  at  26  cycles 
the  resistance  of  the  rail  return  is  from  5  to  8  times  greater 
than  with  direct  current,  due  to  unequal  current  distribution 
in  the  rail.  The  higher  trolley  voltage  permits  a  higher  voltage 
drop  in  the  circuit,  and  in  this  case,  even  higher  rail-rettim  drops 
may  be  expected  than  with  direct-current. 

Philip  Torchio  (by  letter):  Will  Mr.  Coming  please  explain 
how  it  happened  that  with  feeder  districts  of  alternative  signs 
of  potential  all  the  potential-drop  readings  obtained  from 
water  mains  were  shown  on  each  and  all  curves  all  of  one  sign? 
One  would  expect  to  find  negative  and  positive  zones  along 
the  water  mains  traversing  the  territory,  because  if  the  current 
must  practically  all  flow  to  the  station  by  the  way  of  trolley 
wires,  this  current  must  at  certain  points  of  the  water  main 
leave  the  mains  as  well  as  enter  them  at  other  points.  Were 
the  readings  taken  at  random  and  the  results  accidental,  or 
were  the  points  of  reading  purposely  selected? 

John  W.  Coming  (by  letter):  The  points  at  which  the 
readings  of  potential  difference  between  pipe  and  rails  were 
taken,  were  so  chosen  on  account  of  accessibility  to  pipes  at  these 
points  without  excavation,  and  the  length  of  line  over  which 
conditions  were  investigated  was  limited  by  the  nimiber  of 
observers  available  at  the  time. 

The  feeder  sections  that  were  supplied  with  current  from 
the  negative  pole  of  the  generator  to  trolley  were,  as  a  rule,  not 
the  sections  farthest  from  the  power  stations,  but  were  midway 
between  the  inner  and  outer  sections,  so  that  the  average 
condition  of  potential  difference  between  pipe  and  rail  would 
not  reverse.  Had  feeder  sections  farthest  from  the  power 
station  been  chosen  it  is  probable  that  positive  potentials  on  pipes 
would  have  been  encountered. 

A.  M.  Schoen  (by  letter):  I  am  much  interested  in  Mr. 
Knudson's  conclusions,  drawn  from  a  thirty-day  test  with 
current  flowing  over  pipes  buried  in  concrete  blocks  which  were 
in  turn  immersed  in  water.     I  have  never  madfe  anv  detailed 
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laboratory  tests  of  this  character,  but  some  years  ago  while 
making  a  general  survey  in  one  of  our  larger  cities,  for  the 
purpose  of  determining  to  what  extent  water  pipes  had  suffered 
damage  due  to  electrolytic  corrosion,  I  had  an  excellent  oppor- 
tunity to  note  these  points  in  the  practical  operation  of  a  trolley 
system.  The  city  was  inland,  hilly,  and  well  drained,  tmder 
which  conditions  the  concrete  road  bed  should  naturally  not  be 
subjected  to  excessive  moisture,  the  run-off  leaving  it  ordinarily 
fairly  dry.  There  were  in  operation  in  the  city  two  independent 
overhead  trolley  systems  with  track  return,  one  having  an  18-in. 
concrete  roadbed,  the  other  having  only  cross-ties  embedded 
in  the  soil.  The  track  under  which  there  was  no  concrete  was 
in  many  places  badly  bonded,  with  resultant  heavy  leakage 
to  water  pipes;  after  leaving  the  water  pipes  much  of  this  stray 
current  found  its  way  back  over  the  better  bonded  tracks  of 
the  line  having  the  concrete  roadbed.  In  many  places  I  found 
heavy  damage  done  both  to  lead  services  and  cast-iron  mains 
under  the  tracks  of  the  company  using  no  concrete,  while  in  no 
single  instance,  although  a  large  number  of  excavations  were 
made,  did  I  find  damaged  even  a  lead  service  lying  under  the 
concrete.  Instances  were  found  where  such  corrosion  had 
taken  place  just  beyond  the  edges  of  the  concrete,  indicating 
that  this  was  due  to  surface  leakage.  I  attribute  these  results 
to  the  fact  that. the  concrete  being  less  porous  than  the  earth, 
and,  owing  to  good  drainage,  not  continually  soaked  in  water, 
formed  a  fairly  good  insulator  and  provided  considerable  pro- 
tection for  the  pipes  beneath  it.  With  the  concrete  continually 
saturated  with  water,  the  results  would  naturally  be  different. 

W.  R.  C.  Corson  (by  letter) :  The  facts  brought  out  by  the 
experiments  recorded  in  the  papers  by  Messrs.  Hayden  and 
Knudson  will  prove,  I  believe,  valuable  additions  to  engineering 
knowledge,  and  while  some  of  the  conclusions  reached  by  the 
writers  are  probably  assailable  they  serve  a  valuable  purpose  in 
giving  direction  to  new  thoughts  on  an  old  subject. 

My  interest  has,  however,  been  especially  aroused  by  the 
paper  presented  by  Mr.  Rhodes,  and  I  wish  to  pay  the  tribute 
of  appreciation  to  his  ingenious  treatment  of  the  subject.  The 
mathematical  demonstration  of  the  relative  values  in  the 
several  methods  of  return  feeder  distribution  is  one  which  will 
prove  of  great  assistance  in  the  study  of  the  measures  to  be  taken 
for  relief  from  the  effect  of  stray  earth  currents. 
'  While  I  have  not  had  time  as  yet  to  follow  in  detail  the 
various  steps  through  which  the  demonstration  is  carried,  one 
conclusion,  which  seems  to  be  proved  and  which  was  touched 
on  but  briefly  during  the  discussion,  appears  worthy  of  emphasis 
by  repetition ;  this  is,  that  all  methods  of  return-feeder  distribu- 
tion are  more  effective  in  reducing  earth  currents  when  the 
negative  bus-bar  at  the  power  station  is  not  grounded. 

Now  the  negative  feeders  from  the  rail,  if  run  underground  in 
an  uninsulated  condition,  form  a  more  or  less  perfect  ground  for 
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the  negative  bus-bar;  and  in  proportion  to  the  perfection  of  the 
ground  so  formed  must  reduce  the  efficiency  of  the  relief  from 
ground  currents  which  they  shoidd  afford.  A  corollary  to  the 
conclusions  of  Mr.  Rhodes'  paper  would  be  therefore  that,  for 
efficient  relief  from  earth  currents  return  feeders  must  be  in- 
sulated from  earth. 

It  has  usually  been  considered  that  the  measures  which  a 
street  railway  company  would  naturally  take  in  its  own  interest 
to  reduce  the  amount  of  lost  energy  on  its  return  system  would 
be  effective  also  in  reducing  the  stray  currents  on  other  metallic 
structures  in  the  streets.  Mr.  Rhodes'  paper  clearly  shows  that 
the  different  methods  of  feeder  distribution  would  not  be  ejqually 
effective  for  both  purposes.  For  instance,  Case  II  of  the  paper 
represents  perhaps  the  most  economical  method  of  reinforcing 
the  conductivity  of  the  rail  for  the  purpose  of  reducing  the  drop 
in  potential  in  the  return  circuit,  but  this  method  is  shown  to 
be  least  effective  in  diminishing  earth  currents.  Again,  a  single 
feeder  connecting  the  negative  bus-bar  to  the  middle  of  the 
track  is  very  effective  in  reducing  earth  currents,  and,  as  the 
effect  is  independent  of  the  copper  in  the  feeder,  an  installation 
of  this  method  might  be  made  without  improving  in  any  way  the 
conductivity  of  the  return  circuit.  The  more  one  studies  the 
question,  the  more  forcible  is  the  impression  that  the  street 
railway's  interest  and  that  of  other  co-occupants  of  the  streets 
are  not  equally  served  by  any  one  measure  of  improvement. 

This  conflict  of  interest  has  been  appreciated  by  all  concerned 
for  many  years,  although  its  existence  has  never  been  shown 
so  clearly  as  by  Mr.  Rhodes'  paper.  Water  and  gas  associations 
have  received  reports  from  committees  appointed  to  investigate 
remedies  for  electrolytic  troubles,  and  these  reports  have  almost 
invariably  demanded  changed  methods  in  the  construction  of 
street  railways,  changes  which  their  economical  operation  pro- 
hibited. On  the  other  hand,  remedies  have  been  suggested  by 
the  electrical  interests  such  as  the  application  of  **  drainage 
systems,"  the  insertion  of  insulating  joints  in  pipe  lines  etc, 
which  while  effective  in  certain  cases,  or  in  certain  classes  of 
systems,  have  been  almost  universally  condemned  as  unfit  by 
electrical  engineers  who  have  under  their  charge  the  care  of  long 
lines  of  lead  jointed  pipe. 

It  cannot  but  be  a  fact  that  all  operating  and  most  consulting 
engineers  have  to  give  the  matter  of  electrolytic  corrosion  con- 
sideration from  some  point  of  view.  In  view  of  this  it  appears 
to  me  a  proper  time  to  suggest  that  the  Institute  has  an  especial 
opportunity  of  enlarging  its  field  of  usefulness  by  lending  the 
weight  of  its  authority  to  a  set  of  recommendations  governing 
the  matter  of  relief  from  the  effects  of  stray  railway  ciurents. 

During  the  discussion,  extracts  were  read  from  a  report  made 
to  the  American  Gas  Light  Association,  which  contained  the 
rep^ulations  governing  the  installation  of  return  systems  of  con- 
ductors formulated  by  a  body  of  German  engineers.     As   I 
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heard  these  regulations  read  they  appeared  for  the  most  part  of  a 
reasonable  nature,  though  certain  of  them  were  doubtless  diflScult 
of  attainment.  I  did  not  understand,  however,  from  the 
reading  with  what  authority  these  engineers  acted.  If  they 
represented  a  committee  duly  appointed  by  a  national  non-partisan 
association  of  engineers  the  regulations  must  have  weight  in 
their  country  and  should  doubtless  prove  the  basis  for  *'  good 
practice  "  in  installations  of  the  nature  covered  by  them. 

In  this  coimtry  no  association  is  so  v;ell  qualified  to  take  up 
this  matter  as  our  Institute ;  its  membership  is  representative  of 
the  best  talent  in  all  fields  of  electrical  engineering;  it  com- 
prises the  men  who  have  been  most  responsible  for  the  wonderful 
development  of  our  street  railway  systems,  and  whose  opinions 
on  the  requirements  of  such  systems  have  become  authoritative; 
it  contains  also  those  men  who  have  devoted  their  abilities  to  a 
study  of  the  damage  which  the  railways  have  done  or  are  doing 
to  underground  metallic  structures;  and  men  who  have  under 
their  care  the  protection  of  lead-sheathed  cables  for  the  con- 
veyance of  electrical  energy.  These  men  have  accumulated  from 
extended  experience  and  study  a  fimd  of  data  and  general  in- 
formation on  the  subject  in  question,  and  a  committee  selected 
from  such  a  membership  would  be  particularly  qualified  to 
examine  the  whole  subject  and  sift  the  good  and  practical  from 
the  bad  or  tmwise  methods  of  relief  which  are  in  vogue  or  have 
been  advanced.  The  recommendations  of  such  a  committee 
modified  or  amended  by  a  general  discussion  at  an  Institute 
meeting  would  unquestionably  form  an  authoritative  standard 
of  practice  which  would  not  only  tend  to  improved  conditions 
of  our  buried  structures,  but  would  redoimd  to  the  credit  of  our 
Institute  and  increase  its  prestige. 

P.  A.  C.  Perrine  (by  letter):  The  results  of  Mr.  Knudson's 
experiments  have  been  brushed  aside  by  those  who  have  dis- 
cussed the  paper  on  account,  I  believe,  of  a  fear  that  there  may 
be  some  truth  in  his  statements  that  will  put  an  additional 
burden  on  the  street  railways  of  the  coxmtry.  Unfortunately, 
particularly  in  reference  to  the  Hamilton  avenue  bridge,  Mr. 
Knudson  has  drawn  some  conclusions  from  his  experiments 
which  are  probably  not  warranted  by  the  facts. 

I  have  no  doubt  but  that  a  current  sent  through  concrete 
will  not  only  crack  it,  but  will  make  it  soft.  In  the  case  of  the 
Hamilton  avenue  bridge,  however,  there  is  no  evidence  from 
the  paper  that  the  concrete  was  softened,  and  I  vmderstand  from 
the  engineer's  report  on  the  bridge  that  the  cracking  of  the 
concrete  was  due  to  settling  of  the  foundations.  This  is  par- 
ticularly emphasized  by  the  fact  that  certain  building  founda-. 
tions  in  the  same  neighborhood  have  also  settled.  But  I  agree 
with  Mr.  Knudson's  conclusions  that  blocks  of  concrete  will 
crack  and  are  made  soft  by  the  passage  of  electric  current, 
because  I  have  had  similar  experience  on  quite  a  large  scale 
with  current  passed  through  concrete.     In  some  experiments 
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made  about  a  year  ago  to  determine  the  efficiency  of  a  large 
generator,  the  water  rheostat  was  contained  in  a  concrete  basin. 
After  a  test  lasting  about  twenty  four  hours  the  electrodes 
were  taken  from  the  concrete  basin  and  the  water  pumped  out 
for  the  purpose  of  making  some  changes  in  the  machinery. 
Much  to  the  surprise  of  all  concerned,  the  concrete  basin  was 
found  to  be  badly  cracked,  although  during  the  time  of  passage 
of  the  current  from  one  electrode  to  another  a  considerable 
quantity  of  water  was  kept  flowing  through  the  basin.  The 
electrodes  were  three  in  number,  each  about  four  inches  in 
diameter  and  set  about  two  feet  deep  in  the  water,  clearing  the 
bottom  of  the  basin  by  about  six  inches.  The  test  stopped 
about  5  o'clock  in  the  morning,  and  by  8  o'clock  in  the  morning, 
after  the  water  had  been  removed  from  the  basin,  the  concrete 
was  found  to  be  hot  and  cracked  badly,  some  of  the  pieces 
coming  out  being  half  as  big  as  a  man's  body. 

The  concrete  was  found  to  be  quite  soft,  so  that  it  could  be 
whittled  like  soapstone.  This  softening .  ran  up  along  the  side 
of  the  concrete  basin.  The  damage  seemed  to  have  been 
done  by  currents  passing  through  the  concrete  in  their  path 
from  one  electrode  to  another.  I  believed  at  the  time, 
and  still  believe,  that  the  damage  was  due  to  the  heating 
of  the  concrete  as  the  current  passed  through  it,  although 
this  does  not  quite  explain  the  softening  of  the  concrete 
itself.  In  parts  where  the  current  must  have  passed  in  small 
amounts  the  damage  to  the  character  of  the  concrete  seemed 
to  be  greater  than  would  have  resulted  from  boiling  the  concrete 
in  water.  As  was  stated  earlier  in  the  discussion,  enough 
energy  was  passed  through  the  concrete  by  Mr.  Knudson  to 
develpp  an  appreciable  amount  of  heat,  and  if  this  energy 
resulted  in  the  dissociation  of  even  a  small  amount  of  the  water 
contained  in  the  concrete,  the  cracks  VvOuld  naturally  result. 
Furthermore,  If  this  water  in  the  concrete  so  dissociated  were 
water  of  crystallization,  not  only  would  the  concrete  have  been 
cracked,  but  it  also  would  have  been  softened,  as  described. 

I  do  not  believe  that  there  is  real  danger  to  buildings  on.  ac- 
count of  this  phenomenon,  for  the  simple  reason  that  the  con- 
ditions for  a  current  passing  through  concrete  to  a  building 
frame  are  not  generally  present  when  the  concrete  is  sufficiently 
wet  to  afford  a  ready  path  for  the  current;  at  the  same  time  I 
have  not  the  slightest  doubt  but  that  if  the  current  passed  through 
the  concrete,  the  results  described  by  Mr.  Knudson  would 
follow,  although  I  question  whether  the  results  may  properly  be 
called  results  of  electrolysis.  I  think  that  this  subject  is  worthy 
of  much  more  careful  study  than  has  been  given  it.  I  believe 
though  that  such  a  study  will  reassure,  rather  than  discourage 
those  owning  concrete  buildings. 

A.  A.  Elnudson  (by  letter) :  The  tests  shown  in  the  paper 
are  the  first  of  the  kind  attempted  by  the  writer,  or  by  anyone 
else  so  far  as  the  writer  is  aware,  consequently  the  data  are 
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confined  to  what  may  be  termed  initial  experiments.  Had 
these  tests  been  conducted  over  a  much  wider  range  as  suggested, 
including  an  analysis  of  the  many  brands  of  cements,  and  the 
effect  of  currents  upon  each,  it  is  doubtful  if  there  would  have 
been  any  practical  difference  in  the  results.  Both  the  Portland 
and  the  Rosendale  cements  used  in  the  concrete  blocks  were 
samples  of  brands  commonly  used  in  building  all  manner  of 
structures. 

The  wrought-iron  tubes  were  not  turned  or  polished  before 
being  set  in  the  concrete,  but  were  well  cleaned. 

The  weights  in  the  tables  are  in  avoirdupois  ounces;  all  of  them 
were  made  in  the  presence  of  the  writer,  and  on  a  very  delicate 
scale. 

It  has  been  claimed  that  no  proof  is  presented  that  the  splitting 
of  the  concrete  blocks  was  due  to  electrolytic  action.  This 
question  seems  to  have  resolved  itself  into  a  difference  of  opinion 
as  to  what  is  proof.  In  the  absence  of  other  reasons  for  the 
splitting  of  the  blocks,  it  may  be  said  that  blocks  which  had 
current  flowing  through  them  were  split  open,  and  the  block 
which  had  no  current  showed  no  cracks  of  any  kind,  nor  the 
first  sign  of  corrosion  upon  the  tube.  The  tests  were  repeated 
with  practically  the  same  results. 

Dr.  Steinmetz'  remarks  on  this  subject  confirm  my  own 
view  of  the  case.     He  said: 

It  may  be  electrol3rtic  corrosion  of  the  iron,  the  formation  of  oxides 
which  occupy  a  larger  volume  and  so  increase  the  size  of  the.  iron,  and 
cause  mechanical  destruction  by  the  irresistible  force  of  the  increase  of 
the  volume  which  leads  to  cracking;  it  may  be  also  electrolyticallaction 
resulting  in  the  production  of  chemical  compounds 

Mr.  Waterman  said: 

Iron  incased  in  concrete  is  like  a  battery  electrode  in  a  porous  cup,  so 
far  as  insulation  is  concerned. 

Porous  cups  are  not  made  to  adhere  to  an  electrode  as  is  the 
case  of  iron  in  a  concrete  block.  If  this  were  the  case  they 
would  doubtless  crack  open  in  a  few  hours.  It  is  only  where 
the  tests  show  that  a  separation  from  the  electrode  was  caused 
by  the  concrete  splitting  open  that  there  is  a  similarity.  Here 
probably  is  the  cause  of  the  increase  of  resistance  after  the 
cracks  began  to  show;  for  as  the  cracks  increased  in  size. and  the 
concrete  separated  from  the  iron,  the  resistance  increased. 

Jn  regard  to  the  **  restriction  "  of  the  flow  of  current  due  to  a 
**  highly  resistant  coating  "  upon  the  iron ;  it  is  pointed  out  in  the 
paper  that  electrolytic  action  had  progressed  to  the  point  that 
cracks  appeared  on  the  sixth  day,  and  it  was  not  until  the  ninth 
day  that  the  rise  in  resistance  really  commenced,  consequently 
there  could  have  been  no  restriction  of  current  flow  until  after 
considerable  corrosion  of  the  iron  had  taken  place  and  the 
damage  had  been  done.  This  test  might  have  been  terminated 
at  the  ninth  or  tenth  day,  so  far  as  establishing  the  two  points 


298  ELECTROLYSIS  [March  I 

are  concerned;  namely,  that  concrete  is  no  protection  to  iron 
against  a  cixrrent  of  electricity,  and  that  concrete  will  be  cracked 
and  softened  by  such  current.  The  voltage,  however,  was 
*'  remorselessly "  raised  to  determine  what  the  final  effect 
would  be  on  blocks  in  both  fresh  and  salt  water.  Mr.  Waterman 
said  further: 

Just  what  a  corroded  water  meter  had  to  do  with  the  subject  is  not 

clear. 

It  is  distinctly  stated  in  the  paper  that  the  two  illustrations 
were  placed  there  as  an  example  of  how  currents  do  actually 
stray  into  buildings,  or  piers,  and  cause  damage.  Mr.  Waterman 
also  said: 

The  corrosion  of  the  meters  was  probably  caused  by  iron  rust. 

As  a  matter  of  fact  the  meters  were  made  of  bronze,  and  the 
currents  that  caused  their  destruction  were  in  each  case  traced 
from  the  car  tracks. 

Referring  to  Dr.  Steinmetz'  remarks: 

Fortunately  iron  is  a  material  which  is  rather  stable,  and  least  attacked 
by  electrolytic  action.  Even  wrought  iron  is  not  attacked  very  badly, 
and  steel  much  less,  and  cast  iron  is  hardly  attacked  at  all.  The  prob- 
lem of  protection  against  electrol3rsis  is  not  the  problem  of  protecting  the 
rails  or  gas  or  water  pipes.  The  undercfround  metal  structures  which  arc 
suffering  most  are  the  underground  lead  cables,  and  there  again  it  means 
the  telephone  cables. 

This  statement  is  quite  surprising  in  view  of  the  many  in- 
stances of  pipe  destruction  which  are  so  generally  well  known. 
Even  Mr.  Coming,  representing  one  of  the  finest  electric  railway 
systems  in  this  country,  has  stated  frankly  that  they  were 
having  a  good  deal  of  trouble  from  electrolysis  in  one  part  of 
their  system  on  the  large  48-inch  cast-iron  mains,  and  other 
mains  of  the  Metropolitan  Water  Works,  and  they  had  installed 
a  number  of  insulating  joints  in  the  attempt  to  prevent 
electrolytic  action. 

This  is  only  one  illustration  from  one  city  of  damage  by 
electrolysis  to  piping  systems  and  other  property.  This  in- 
formation from  Boston  was  furnished  by  railroad  men.  Their 
statements  I  can  corroborate,  for  I  have  personally  been  on  the 
ground  and  taken  measurements  in  company  with  others. 

Future  experimenting  with  electric  currents  and  steel  in 
concrete  will  doubtless  show  further  points  of  interest.  The 
present  paper  giving  the  results  of  experiments  is  intended 
as  a  warning  that  concrete  is  no  protection  to  iron  or  steel 
when  electricity  is  passing  through  it. 
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H.  W.  Ftehert*  Over  ten  years  ago,  when  the  first  cases  of 
electrolysis  of  the  lead  covering  of  cables  were  reported,  I  made 
a  series  of  tests  to  determine  the  conditions  both  favoring  and 
preventing  electroljrtic  action  on  lead-covered  cables.  As 
anticipated,  I  found  that  only  when  the  lead  is  positive  to 
ground  does  injurious  electrolysis  take  place.  I  also  found  that 
electrolysis  is  not  prevented  by  t>he  addition  of  3%  tin  to  the 
lead,  nor  by  covering  the  lead  with  a  weatherproof  tape  or 
braid  saturated  with  insulating  compound.  In  the  latter  case, 
electrol3rtic  action  is  apt  to  be  concentrated  in  spots,  and  thus 
eat  through  the  lead  cover  more  quickly.  For  the  same  reason, 
I  also  found  that  lead-covered  cables  laid  in  wooden  boxes 
filled  with  pitch  or  bitumen  deteriorate  rapidly  under  electro- 
l)rtic  action.  As  a  result  of  these  tests,  and  others  made  on 
cables  working  under  practical  conditions,  it  was  found  that  the 
amount  of  electrolytic  action  depends  upon : 

1.  The  proximity  of  cables  to  electric  railroads. 

2.  The  distance  the  cables  parallel  electric  railroads. 

3.  The  quality  of  the  electric  railroad  construction  work  pro- 
viding a  path  for  the  grotmd-retum  current. 

4.  Numerous  other  things,  including  the  polarity  of  the 
ground  return  current,  the  conductivity  of  the  soil,  and  the 
position  of  low  soil  or  water  resistance,  either  along  the  route  of 
the  cables  or  leading  toward  the  power  house,  the  proximity  of 
the  cables  to  water  and  gas  pipes,  the  dry  or  damp  condition 
of  the  ducts  containing  the  cables,  and  the  chemical  constitution 
of  the  earth. 

From  the  above  data  it  is  evident  that  the  manufacturer  of 
cables  cannot  guarantee  them  against  electrolysis.  He  should, 
however,  always  be  ready  and  anxious  to  prescribe  such  remedies 
as  in  his  judgment  will  prevent  electrolysis  on  cables  which  he 
has  sold.  With  this  end  in  view,  at  least  one  of  the  cable 
companies  has  printed  literature  dealing  with  the  subject  of 
electrolysis  and  giving  preventive  methods  and  remedies  which 
have  proved  effective  through  repeated  trials. 

The  introduction  of  the  single-phase  alternating-current 
railroad  system  with  grounded  return  brings  up  the  question  of 
electrolysis  with  alternating  currents,  and  I  have  been  making 
some  experiments  to  determine  whether  under  any  conditions 
the  lead  covers  of  cables  may  be  destroyed  by  alternating-cur- 
rent. My  experiments  so  far  have  not  been  very  comprehensive, 
but  I  have  found  that  under  certain  conditions  destructive 
electroljrtic  action  may  occur  with  alternating  currents  operating 
at  a  frequency  of  60  cycles. 

The  solution  I  employed  for  the  electrolyte  was  water  con- 
taining common  salt  and  sal  ammoniac,  all  of  which  may  occtir  in 

^Presented  originally  at  a  meeting  of  the  Pittsburg  Branch,  December 
12,  1905. 
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and  around  duct  systems.  I  found  that  with  a  current  density 
of  0.1  ampere  per  square  inch  of  lead  there  was  no  electrolytic 
action.  With  3.04  ampere  per  square  inch  of  surface,  the 
amount  of  lead  destroyed  per  ampere  per  hour  per  square  inch 
was  0.004  grammes.  With  11.8  ampere  per  square  inch,  the 
amount  of  lead  destroyed  per  ampere-hour  per  square  inch 
was  0.136  grammes.  With  17.9  ampere  per  square  inch,  the 
amount  of  lead  destroyed  per  ampere-hour  per  square  inch  was 
0.237  grammes.  In  this  last  case,  a  large  hole  was  eaten  through 
the  lead,  and  the  surface  exposed  to  electrolytic  action  was  nearly 
one  square  inch.  These  tests  were  made  without  any  attempt  at 
great  accuracy.  The  results  show  very  plainly,  however,  that  if 
the  current  density  per  square  inch  of  surface  is  sufficiently 
great,  destructive  electrolytic  action  can  take  place  with  alter- 
nating currents. 

Thinking  that  the  action  might  be  due  to  the  large  amount  of 
energy  dissipated  over  a  small  area,  I  repeated  the  experiments 
with  direct-current  of  slightly  larger  density  per  square  inch, 
applying  the  negative  side  to  the  lead  cover.  No  lead  was 
destroyed.  It  may  be  possible  that  with  other  ingredients  in 
the  soil  or  ducts,  the  alternating-current  action  may  be  greater 
than  that  here  given .  While  in  many  cases  the  current  density  per 
square  inch  of  surface  may  not  be  sufficiently  great  to  cause 
destructive  action  on  the  lead  covers  of  cables,  yet  while  there 
is  a  possibility  of  such  action  occurring,  the  cable  companies 
cannot  guarantee  their  cables  against  electrolysis  from  alternat- 
ing currents. 

The  apparent  remedy  is  to  make  the  difference  of  potential 
between  the  lead  cover  and  ground  so  small  that  the  current 
density  per  square  inch  of  surface  is  not  sufficiently  great  to 
cause  destructive  action.  This  may  be  accomplished  in  different 
ways,  depending  on  local  conditions.  With  a  frequency  of  25 
cycles,  the  alternating-current  action  would  probably  be  greater 
than  that  shown  by  my  tests. 

R.  A.  L.  Snyder:  The  name  telephone  cable  is  inseparably 
connected  with  the  subject  of  electrolysis.  No  underground 
construction  has  suffered  from  the  ravages  of  electrolytic  corro- 
sion quite  so  severely  as  the  telephone  cable.  Our  company's 
experience  with  this  subtle  destroyer  has  been  a  very  sad  one. 
In  the  early  days  of  telephony  we  installed  a  large  underground 
cable  plant,  and  this  plant,  which  cost  us  $150,000,  was  entirely 
destroyed  by  electrolysis.  The  plant  was  known  as  the  **  solid 
system  '*  in  distinction  from  our  later  plant,  now  in  use, 
known  as  the  "  drawing-in-system/' 

The  solid  system  was  very  carefully  laid  in  order  to  prevent 
electrolysis.  A  wooden  box  was  installed  and  the  cables  laid  in 
the  box  on  a  layer  of  mineral  pitch.  The  box  was  then  filled 
with  the  pitch  so  as  completely  to  surround  the  cables.  A 
layer  of  pitch  at  least  one  inch  thick  separated  the  cables  from 
the  box  on  every  side.     Another  precaution  was  taken,  by  at' 
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taching  grounding  plates  to  some  of  the  cables  at  regular  inter- 
vals; but  with  all  this  elaborate  protection  electrolysis  des- 
troyed the  system. 

At  first  very  little  trouble  was  experienced,  for  the  reason  that 
the  electric  roads  did  not  become  prevalent  until  about  1894. 
Before  this  time  Pittsburg's  longest  street  car  line  was  a  cable 
road.  During  189G-7  our  troubles  increased  rapidly,  but 
thanks  to  the  new  drawing-in-system  which  we  had  started  in 
1893  we  were  able  to  replace  the  solid  system  very  rapidly. 

When  one  of  these  solid-system  cables  would  show  trouble, 
we  had  to  locate  it  as  closely  as  possible  and  then  dig  up  the 
streets.  This  was  a  very  expensive  operation,  especially  when 
the  trouble  occurred  in  two  places,  which  meant  that  we.  were 
obliged  to  open  the  street  for  a  distance  of  three  or  four  hundred 
feet.  When  the  cable  was  Uiicovered,  the  sheathing  would  be 
found  pitted  in  many  places.  Our  first  solid-system  cables  laid 
to  the  East  End  exchange  had  to  be  abandoned  after  opera- 
ting only  a  few  years. 

So  much  for  the  solid  system.  The  next  problem  after  getting 
our  cables  installed  in  the  new  system  was  how  to  prevent  them 
going  the  way  of  the  old  cables.  The  electric  roads  were  in- 
creasing the  size  of  their  plants  and  the  leakage  of  current  was 
becoming  greater.  It  was  generally  conceded  that  the  best 
plan  was  to  make  the  cables  negative  to  earth  as  in  the  old 
system,  as  it  was  noticed  that  corrosion  generally  took  place 
where  the  cables  were  positive  to  earth ;  but  there  were  records 
showing  that  cables  strongly  negative  to  earth  often  gener- 
ated chemicals  which  reacted  to  destroy  the  lead  sheathing. 
This  was  especially  true  where  the  current  was  shut  off  during 
the  night. 

Some  years  ago  a  mass  of  slimy  matter  was  taken  from 
beneath  the  electric  car  rails  on  Boylston  Street,  Boston,  and 
sent  to  the  Massachusetts  Institute  of  Technology  to  be  examined, 
where  it  was  found  to  consist  mostly  of  sodium  hydrate  with 
particles  of  metallic  sodium  distributed  through  it.  These 
particles  of  sodium  burst  into  flame  when  thrown  into  water. 
Sodium  chloride  or  common  salt  was  used  to  melt  the  ice  along 
the  rails.  This  may  have  been  turned  into  sodium  when  acted 
upon  by  currents  flowing  into  the  rail. 

As  the  law  at  this  time  apparently  furnished  no  protection  to 
our  property  from  the  traction  company's  stray  currents,  we 
decided  to  go  to  the  expense  of  running  long  bond  wires  to  the 
negative  poles  of  their  generators,  thus  making  the  cables 
negative  to  earth.  The  result  of  this  course  has  been  very 
satisfactory  compared  -with  our  former  experience,  but  we 
have  still  had  our  troubles.  At  times  our  cables  would  carry  so 
much  current  that  they  would  arc  to  well-grounded  conductors, 
burning  holes  through  the  cable  sheathing.  At  Twenty-first 
Street  and  Spring  alley  the  arcing  was  severe  enough  to  set  fire 
to  a  terminal  pole  and  required  the  services  of  the  fire  department 
to  extinguish  the  flames.     In  the  neighborhood  of  Twentieth 
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street,  we  had  a  number  of  cable  terminals  burnt  where  they 
passed  through  the  pole  pipes.  This  trouble  became  so  bad 
that  in  several  places  we  insulated  the  cable  terminal  from  the 
pipes  with  rubber  hose. 

Several  years  ago,  we  had  our  cable  system  bonded  to  the 
traction  company's  negative  return  on  Twentieth  street  with 
three  No.  0  copper  wires.  These  wires  carried  enough  current 
to  heat  them  to  a  temperature  of  212°  fahr.  About  this  time  we 
noticed  a  change  in  the  electrolytic  condition  of  our  cables  and 
upon  investigation  found  that  the  wires  were  burned  off  a  short 
distance  from  the  manhole. 

In  some  cases  where  our  cables  are  positive  to  ground  at 
distant  points  from  the  power  houses,  we  have  allowed  them  to 
eat  away  rather  than  to  go  the  expense  of  running  a  bond  wire. 
Our  record  of  losses  from  electrolytic  corrosion  for  the  past 
few  years  is  as  follows : 

1901— One  case 

1902— Two  cases 

1903— Two  cases 

1904— Two  cases 

1905 — Seven  cases. 
Our  troubles  appear  to  be  increasing,  yet  we  have  spent 
more  money  running  bond  wires  during  the  past  year  than  ever 
before,  despite  the  fact  that  the  traction  company  have  electrically 
welded  their  rails.  We  have  done  everything  known  to  the  art 
to  prevent  electrolytic  corrosion  of  our  cables. 

The  drop  in  potential  between  our  Grant  office  building  and 
the  cable  sheathing  at  Twentieth  street  and  Spring  alley  is 
often  over  twenty  volts.  Sometime  ago  we  had  some  spare 
cable  conductors  grounded  to  the  cable  sheathing  at  Twentieth 
street  and  the  current  was  used  in  our  laboratory  to  run  a  small 
motor.  There  was  enough  current  to  light  a  50-candle  power 
50- volt  lamp  to  a  bright  red. 

The  anchors  holding  our  aerial  cables  have  also  suffered  from 
electrolytic  corrosion.  They  have  to  be  made  negative  to 
ground  by  running  bond  wires.  This  occurs  in  almost  every 
town  in  our  territory,  and  when  an  anchor  breaks,  the  cables  fall 
to  the  ground,  causing  a  big  repair  bill. 

For  a  long  time  the  Ben  Venue  power  house  was  run  only  for  a 
few  hours  each  day  In  this  neighborhood  we  had  much  trouble 
from  the  continually  changing  conditions.  I  understand  that  the 
Pennsylvania  Railroad  had  to  replace  their  signal  air-pipes  in 
this  neighborhood  several  times. 

In  conclusion,  I  would  say  that  our  present  policy  is  to  main- 
tain all  parts  of  the  cable  system  free  from  electrical  contact  with 
underground  steel  and  iron  structures;  to  keep  the  parts  well 
bonded  together,  and  most  of  all  to  have  them  slightly  negative 
to  earth.  I  would  advise  all  owners  of  underground  metal 
construction  to  do  likewise,  until  the  traction  company  adopts 
some  method  of  carrying  return  currents  in  its  own  con- 
ductors. 


A  ^p€r  /res€nttd    at   a  Special  Meeting  e/tJke 
Ameriean     ImtUmie    0/    Electrical  Engi 
neert,  NewYerk,  March  gi,  1W7. 

Copyilg*      1907.     By  A.  I.  E.  R. 


MOTOR-GENERATORS  vs.  SYNCHRONOUS  CON- 

VERTERS 

With  Special  Reference  to  Operation  on  Long-Distancb 

Transmission  Lines 


BY  p.  M.  LINCOLN 


General 

The  particular  problem  to  be  considered  in  this  discussion 
is  the  following:  wanted,  direct-current  power  of  approximately 
constant  voltage;  for  instance,  for  railways  500  to  700  volts, 
for  an  incandescent  lighting  system,  100  to  275  volts,  for  an 
electrolytic  process,  any  direct-current  voltage.  Given  as  a 
source  of  power,  a  long-distance  alternating-current  transmis- 
sion system,  which  may  be  either  25  or  60  cycles,  may  have  a 
varying  voltage  at  point  of  delivery,  may  have  the  variation 
occur  either  on  account  of  the  load  taken  by  our  particular 
station  or  independent  thereof^  and  may  have  a  somewhat 
variable  frequency.  Problem,  what  shall  be  used  for  making 
the  desired  transformation;  synchronous  converters?  motor- 
generator  sets  with  synchronous  motors?  or  motor-generator 
sets  with  induction  motors? 

In  this  discussion  a  comparison  will  be  made  between  these 
methods  in  regard  to  the  following  points,  these  points  being 
placed,  in  the  opinion  of  the  writer,  in  the  order  of  their  rela- 
tive importance. 

1.  Reliability. 

2.  Voltage  regulation. 

3.  Corrective  effect. 

4.  Efficiency. 

5.  Cost. 

6.  Parallel  operation. 

7.  Starting. 
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These  points  will  be  taken  up  in  the  order  named.  As  a 
matter  of  simplification,  it  will  be  assumed  that  the  line  voltage 
is  too  high  for  a  revolving  machine  and  must  be  transforn^ed 
before  utilizing. 

1.  Reliability. 

In  this  connection,  the  term  "  reliability  "  is  taken  to  mean 
simply  freedom  from  accident,  or,  in  other  words,  capability 
of  performing  normal  functions  continuously  without  interrup- 
tion. Without  this  element  of  reliability,  it  is  evident  that 
no  pirn  (f  transformation  can  be  a  success.  To  those  charged 
with  the  responsibility  of  the  operation  of  such  a  plant,  there 
will  be  no  question  but  that  this  feature  deserves  the  first  place. 

As  to  reliability,  it  is  evident  that  the  synchronous  converter 
has  a  very  decided  advantage  in  that  there  is  only  one  machine 
to  get  out  of  order,  whereas  either  of  the  others  involves  two. 
Further,  we  are  forced  to  use  a  low  voltage  on  the  synchronous 
converter  so  that  its  insulation  is  normally  called  upon  to  stand 
a  maximum  of  not  more  than  700  volts :  whereas  with  the  motor- 
generator  sets  other  conditions  may  dictate  a  very  much  higher 
motor  voltage,  and,  therefore,  a  lower  factor  of  safety  in  insu- 
lation. Both  the  synchronous  converter  and  the  synchronous 
motor-generator  set  suffer  the  disadvantage  that  a  momentary 
removal  of  the  voltage  from  their  terminals — a  short-circuit 
on  the  transmission  line  for  instance — will  cause  them  to  drop 
out  of  step  and  make  it  necessary  to  start  them  over  again. 
In  this  respect  the  induction  motor-generator  has  an  advantage 
in  that  it  will  resume  operatic jn  automatically  after  such  a 
temporary  cessation  of  incoming  power. 

As  to  "  bucking,"  this  is  a  fault  that  is  more  commonly 
attributed  to  synchronous  converters  than  to  direct-current 
generators,  but  the  reason  for  it  is  that  the  converter  is  more 
widely  used  under  conditions  that  will  cause  "  bucking  "  than 
is  the  direct-current  generator.  The  usual  cause  of  "  bucking  *' 
is  the  sudden  occurrence  and  removal  of  heavy  overloads;  as, 
for  instance,  when  a  circuit-breaker  blows.  The  ideal  condi- 
tions for  this  occur  on  the  average  interurban  road,  where  the 
sub-stations  are  relatively  small  compared  with  the  maximum 
loads  carried.  A  direct-current  generator  of  the  same  size  and 
exposed  to  the  same  conc'.itions  would  probably  give  rise  to 
about  the  same  amount  of  "  bucking."  Exception  is  made  in 
the  case  of  the  GO-cycle  converter,  which  is  admittedly  somewhat 
more    sensitive    in    this   respect    than    the    25-cycle   ccmverter, 
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chiefly   on  account  of  its  necessarily  short  distance  between 
brushes. 

As  a  relative  comparison  of  the  reliability  of  the  methods 
under  consideration  in  railway  work,  the  following  is  advanced 
as  a  personal  opinion.  The  number  given  indicates  the  rela- 
tive number  of  hours  that  the  apparatus  would  be  out  of  service 
within  a  given  time  on  account  of  defects  inherent  in  the  ap- 
paratus. 

25-cycle  synchronous  converter 10  hours. 

Induction  motor-generator 14      ** 

Synchronous  motor-generator 17      ** 

2.    Voltage  Regulation 

The  term  **  voltage  regulation.*'  here  will  be  confined  to  the 
changes  that  may  take  place  in  the  direct-current  voltage. 
The  term  embraces  at  least  three  distinct  features: 

a.  Automatic  change  in  voltage  with  change  in  load. 

/).  Ability  to  adjust  the  initial  voltage. 

c.  Variations  in  direct-current  voltage  with  variations  in  in- 
coming line  voltage  and  frequency. 

Automatic  Change  in  Voltage  with  Change  in  Load.  In  this 
respect  all  methods  under  discussion  are  equal.  Rising  or 
drooping  characteristics  of  an  adjustable  value  can  be  obtained 
with  either  the  synchronous  converter  or  the  direct-current 
generator.  The  converter  suffers  the  disadvantage  that  the 
power-factor  of  the  current  supplied  must  vary  with  varying 
loads,  whereas  with  the  motor-generator  sets  the  direct-current 
voltage  compounding  adjustment  is  independent  of  the  alter- 
nating-current circuit.  This  point  will  be  further  discussed 
under  subsequent  headings. 

Ability  to  Adjust  the  Initial  Voltage.  It  is  in  this  respect 
that  the  synchronous  converter  suffers  its  greatest  handicap. 
In  the  motor-generator  sets  the  direct-current  voltage  is  abso- 
lutely independent  of  the  incoming  alternating-current  power. 
With  the  synchronous  converter,  on  the  other  hand,  the  only 
way  to  adjust  the  direct-current  voltage  is  to  make  a  pro- 
portionate adjustment  of  its  alternating-current  voltage.  There 
are  several  methods  of  accomplishing  this  end,  which  may  prop- 
erly be  discussed  under  this  heading. 

One  method  is  to  insert  a  reactance  in  the  alternating-current 
circuit  of  the  converter.  By  changing  the  field  strength  of  the 
converter,  adjustments  of  the  voltage  applied  to  the  collector 
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rings  can  be  obtained  within  limits »  depending  upon  the  amount 
or  reactance  and  available  field  adjustment.  The  disadvantage 
of  this  scheme  is  that  the  alternating-current  voltage  is  thereby 
made  interdependent  upon  the  power-factor  of  the  incoming 
alternating-current  power,  and  that  the  high-tension  line  voltage 
is  dependent  upon  the  direct-current  voltage  adjustment  to  an 
extent  depending  upon  the  relative  reactance  in  transmission 
line  and  in  the  local  converter  circuit. 

Another  method  is  to  use  an  alternating-current  booster 
having  the  same  number  of  poles  as  the  converter  and  mounted 
upon  tne  same  shaft.  This  is  approaching  motor-generator 
conditions,  except  that  the  generator  involved  has  to  take  care 
of  only  a  small  percentage  of  the  output  of  the  set  under  con- 
sideration, and  the  range  of  voltage  adjustment  instead  of  being 
from  zero  to  the  required  amount  remains  between  limits  depend- 
ing upon  the  relative  output  of  converter  and  booster.  This 
really  makes  a  more  logical  arrangement  so  far  as  initial  voltage 
adjustment  is  concerned  than  the  motor-generator,  since  adjust- 
ment down  to  zero  is  never  required  in  practice.  The  maximum 
range  of  adjustment  ever  required  is  the  range  of  incoming 
voltage  fluctuations  plus  the  initial  range  required. 

Still  another  method  is  the  use  of  taps  on  the  transformer 
stepping  down  to  the  converter,  or  of  an  induction  or  other 
type  of  alternating-current  voltage  regulator.  These  in  general 
have  the  same  effect  as  the  booster  just  described.  It  is  outside 
the  range  of  this  paper  to  discuss  their  relative  merits.  The 
addition  of  any  of  these  means  of  voltage  regulation  makes  the 
converter  equal  to  the  motor-generator  set  as  far  as  ability  to 
adjust  initial  voltage  is  concerned. 

Variations  in  Direct-current  Voltage  with  Variations  in  In- 
coming Line  Voltage  and  Frequency.  The  difference  between 
the  converter  and  the  motor-generator  set  in  this  respect  con- 
sists in  the  fact  that  the  converter  responds  only  to  changes  in 
the  incoming  voltage  and  the  motor-generator  only  to  changes 
in  the  incoming  frequency.  This  last  statement  may  be  modi- 
fied slightly  by  recognizing  that  the  slip  of  the  induction  motor 
depends  upon  the  voltage,  but  the  normal  variations  of  voltage 
are  so  small  that  this  feature  can  be  safely  neglected.  For  a 
given  percentage  change  in  incoming  line  voltage,  there  will  be 
an  equal  percentage  change  in  the  direct-current  converter 
voltage.  For  a  given  percentage  change  in  incoming  line  fre- 
quency there  will  be  a  greater  percent a.c:e  change,  nearly  double, 
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in  the  direct-current  voltage  of  a  motor-generator  set.  How- 
ever, changes  in  incoming  line  voltage  will  under  normal  con- 
ditions be  much  greater  and  sharper  than  those  in  frequency, 
so  that  in  this  respect  the  converter  will  probably  suffer  by 
comparison  with  the  motor-generator. 

There  are  cases  where,  on  account  of  voltage  regulation,  a 
straight  synchronous  converter  would  be  absolutely  unusable 
as,  for  instance,  where  a  steady  direct-current  voltage  for 
lighting  is  desired  and  the  voltage  of  the  alternating-current 
supply  is  varying  due  to  causes  other  than  the  direct-current 
load  under  consideration. 

The  conditions  which  dictate  the  choice  between  converters 
and  motor-generators  with  respect  to  direct-current  voltage 
regulation  are  so  variable  that  no  attempt  will  be  made  to  give 
any  estimate  of  relative  merits  in  numerical  values. 

3.  Corrective  Effect 

By  **  corrective  effect  "  is  meant  in  general  the  results  that 
may  be  obtained  in  respect  to  the  voltage  regulation  of  a  trans- 
mission line  by  means  of  a  change  in  the  power-factor  of  the 
current  taken.  Only  the  synchronous  motor  and  the  synchron- 
ous converter  need  to  be  considered,  since  the  power-factor  of 
the  induction  motor  is  not  adjustable. 

It  is  desirable  in  any  transmission  line, 

a.  That  the  voltage  shall  remain  as  nearly  constant  as  pos- 
sible independent  of  the  variation  of  load,  and 

b.  That  the  voltage  shall  be  capable  of  adjustment  within 
limits  at  the  will  of  the  operator  at  any  point. 

So  far  as  corrective  effect  is  concerned,  the  synchronous 
motor  has  a  distinct  advantage  over  the  synchronous  converter 
in  that  the  corrective  effects  may  be  obtained  without  involving 
the  direct-current  voltage.  In  the  converter  the  corrective 
effect  and  the  direct-current  voltage  are  interdependent.  On 
the  other  hand,  when  a  converter  is  adjusted  for  a  rising  direct- 
current  voltage  characteristic,  the  tendency  is  to  correct,  in 
part  at  least,  for  the  transmission-line  drop  caused  by  its  own 
load.  Thus  it  tends  to  fulfil  condition  (a)  stated  above.  The 
synchronous  motor  can  be  made  to  fulfil  condition  (a)  to  the 
same  extent  by  causing  the  direct-current  generator  current  to 
flow  through  series  coils  on  the  motor  field. 

As  to  condition  (6),  both  converter  and  motor  field  can  be 
so  adjusted  by  hand  as  to  accomplish  this  end,  but  in  the  case 
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of  the  converter  not  without  making  a  simultaneous  adjustment 
in  the  direct-current  voltage.  In  order  to  secure  the  same 
independence  of  action  with  converter  as  with  synchronous 
motor,  it  is  necessary  to  have  some  means  of  adjusting  the 
converter  alternating-current  voltage  independent  of  simulta- 
neous power-factor  adjustment;  as,  for  instance,  the  synchron- 
ous booster  or  voltage  regulator  described  under  the  previous 
heading. 

There  is  another  point  of  view  that  should  be  presented  before 
dropping  this  subject.  A  sub -station  using  the  apparatus  under 
discussion  may  or  may  not  be  under  the  control  of  the  trans- 
mission-line operator.  If  it  is,  then  its  corrective  effect  can  be 
used  as  transmission  line  conditions  may  dictate.  If  it  is  not 
under  his  control,  the  possession  of  corrective  effect  may  not 
only  be  of  no  advantage,  but  also  a  positive  menace  to  the 
proper  voltage  regulation  of  the  line.  If  it  is  not  under  his 
control,  he  is  probably  better  off  with  the  induction  motor- 
generator  set,  since  it  is  neutral  and  possesses  no  power  of 
changing  line  voltage  at  the  caprice  of  an  uncontrolled  indi- 
vidual. 

From  the  standpoint  of  corrective  effect,  therefore,  the  syn- 
chronous motor-generator  has  decidedly  the  advantage  over 
the  straight  converter  while  the  induction  motor-generator  is 
entirely  neutral.  No  attempt  will  be  made  to  give  comparative 
numerical  values  since  this  depends,  not  only  upon  specific 
conditions,  but  also  upon  the  point  of  view. 

4.  Efficiency 

At  the  end  of  a  transmission  line  power  is  usually  sold  by 
the  kilowatt  hour,  or  some  other  function  that  is  proportional 
to  it.  The  amount  of  the  monthly  bill  will  be  proportional  to 
the  meter-reading,  and  the  efficiency  of  the  transformation 
therefore  enters  as  a  direct  function  in  the  cost  of  power.  In 
this  respect  the  converter  has  a  decided  advantage.  It  is  a 
case  of  the  losses  in  one  machine  as  against  those  in  two,  and, 
moreover,  the  losses. in  the  converter  are  somewhat  less  than 
in  either  element  of  the  motor-^i^enerator  set.  The  full-load 
efficiency  of  a  converter  of,  say,  oOO  kw.  capacity,  may  be  put 
approximately  at  95%.  the  synchronous  motor-generator  set, 
S9%,  and  the  induction  motor-generator  set,  SS^/c-  The  all- 
day  efficiency  will  be  considerably  less  than  the  above.  As  a 
reasonable  estimate  of  the  all-day  efficiency  under  about  75% 


1907]  UNCOLN:   CONVERTERS  309 

load,    the    following    is    submitted.     In    submitting   these   the 
writer  has  in  mind  units  of  500  kw.  capacity  or  thereabouts: 

25-cycle  S3nichronous  converter 93% 

Synchronous  motor-generator 85% 

Induction  motor-generatox- 84% 

The  following  calculation  based  on  the  above  is  somewhat 
surprising.  Assume  a  station  using  a  500-kw.  unit  an  average 
of  18  hr.  per  day  at  75%  average  load.  Assuming  power  to 
cost  one  cent  per  kilowatt-hour,  the  saving  in  power  bill  per 
year  of  converte--  over  motor-generator  is  $2100.00.  Capitalized 
at  6%,  this  represents  $35,000.00.  In  other  words,  one  could 
afford  to  pay  $70.00  per  kilowatt  more  for  converters  than 
for  motor-generators. 

5.  Cost 

In  regard  to  cost,  the  synchronous  converter  has  an  immense 
advantage.  Here  again,  as  in  efficiency,  it  is  the  cost  of  one 
machine  against  two;  and  the  cost  of  the  converter  is  riot  far 
different  from  that  of  each  machine  that  goes  to  make  up  the 
motor-generator.  An  approximate  idea,  of  relative  cost  is  given 
in  the  following: 

Synchronous  converter 60% 

Synchronous  motor-generator 100% 

Induction  motor-generator  .  . ., 100% 

6.  PAkALLEL  Operation 
The  two  points  to  consider  in  parallel  operation  are: 

a.  Proper  division  of  direct-current  load  between  units. 

b.  Proper  operation  so  far  as  alternating-current  ends  are 
concerned,  such  as  freedom  from  **  hunting/'  etc. 

As  to  division  of  direct-current  load,  there  is  no  question 
either  on  direct-current  generator  or  converters.  In  fact,  it  is 
perfectly  possible  by  proper  adjustment  to  operate  converters 
and  motor-generator  sets  of  both  kinds  all  in  multiple. 

As  to  operation  on  the  alternating-current  ends,  the  induction 
motor-generator  is  the  least  liable  to  trouble,  since  "  hunting  *' 
or  **  pumping  "  cannot  take  place  on  that  type  of  machine. 
The  synchronous  motor  and  converter  are  on  a  par  in  regard 
to  hunting.  However,  with  the  modem  construction  of  syn- 
chronous machines,  including  as  they  do  heavy  dampers,  there 
is  so  little  probability  of  hunting  that  it  may  be  entirely  neglected. 
The  only  places  in  which  hunting  is  apt  to  occur  are  in  cases 
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where  antiquated  generators  are  used  and  where  the  ohmic 
line  drop  is  very  high.  Neither  of  these  is  apt  to  occur  in 
practice. 

7.  Starting 

In  starting  the  desirable  features  are : 

c..  Minimum  draught  of  current  from  line  of  starting  from 
alternating-current  end. 
^.   Ease  of  synchronizing. 

a.  It  is  difficult  to  make  any  of  the  apparatus  'inder  dis- 
cussion of  such  design  that  it  will  start  readily  from  the  alter- 
nating-current end.  Good  running  characteristics  invariably 
mean  poor  starting  characteristics.  The  inherent  starting  char- 
acteristics of  the  synchronous  motor  and  converter  are  bad  on 
account  of  the  large  air-gap.  The  converter  has  the  advantage 
of  only  having  one-half  the  mass  of  the  motor-generator  to 
start.  The  induction  motor-generator  set  has  the  advantage  of 
better  starting  characteristics,  but  it  suffers  in  comparison  with 
the  converter  in  having  double  the  mass.  If  started  from  the 
collector  rings,  the  conyerter  suffers  by  liability  of  damage  to 
commutator  by  burning  and  sparking.  A  draught  of  full-load 
current  or  less  from  the  line  is  usually  sufficient  for  starting 
any  of  the  sets. 

If  it  is  essential  to  keep  down  starting  current,  a  starting 
motor  can  be  employed.  *In  this  case  the  converter  again  has 
the  advantage  of  one  half  the  mass  as  well  as  one-half  the 
losses  of  the  motor-generator  set.  The  same  advantage  applies 
to  starting  from  the  direct-current  end,  but  is  partly  off  set  in 
the  converter  by  the  shunting  effect  of  the  static  transformers, 
if  these  be  connected. 

b.  In  synchronizing,  the  induction  motor  has  a  great  ad- 
vantage in  not  requiring  synchronizing  at  all.  As  between  the 
converter  and  the  synchronous  motor,  the  converter  suffers 
the  disadvantage  of  having  a  commutator  connected  to  the 
winding  being  synchronized,  and,  therefore,  liable  to  injury 
by  careless  manipulation. 

Altogether,  there  is  not  much  choice  in  the  starting  qualities 
of  the  three  methods,  but  what  there  is  would  cause  them  to 
be  arranged  in  the  following  order: 

1.  Induction  motor-generator. 

2.  Synchronous  converter. 

3.  Synchronous  motor-generator. 
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Summary 

On  three  of  the  preceding  seven  counts;  namely,  1,  4,  and  5, 
the  converter  has  a  distinct  advantage. 

On  one  more,  6,  all  methods  are  taken  as  being  on  a  par. 

On  the  remaining  three,  2,  3,  and  7,  one  of  the  other  methods 
has  the  advantage.  In  one  of  these,  7,  the  disadvantage  of 
the  converter  is  not  marked.  The  converter's  disadvantage  on 
the  other  two  largely  disappears  with  the  addition  of  a  means 
of  voltage  regulation. 

This  analysis,  therefore,  would  seem  to  indicate  that  there 
are  but  few  cases  where  the  motor-generator  should  be  used 
in  preference  to  the  synchronous  converter. 
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Discussion  on  "  Motor-generators  vs.  Synchronous  Con- 
verters, WITH  Special  Reference  to  Operation  on 
Long-distance  Transmission  Lines.'*  at  New  York, 
March  22,  1907 

A.  H.  Armstrong:  In  regard  to  the  use  of  motor-generators 
or  synchronous  converters,  the  question  seems  to  me  to  be  one 
of  voltage  regulation.  The  requirements  of  a  railway  system  fed 
from  a  general  transmission  system  are  best  met  as  to  first  cost 
and  efficiency  of  operation  by  the  adoption  of  the  synchronous 
converter,  and  its  almost  universal  use  in  railway  installations 
would  seem  to  leave  no  room  for  argument.  The  requirements 
of  a  direct-current  lighting  load  can  also  be  best  met  by  the  adop- 
tion of  the  synchronous  con^rerter,  provided  the  distribution 
system  is  used  for  lighting  only.  Where,  however,  the  distribu- 
tion system  supplies  a  mixed  lighting  and  railway  load  (or  any 
other  load  occasioning  extreme  fluctuations)  the  lighting  system 
should  be  fed  through  motor-generator  sets  in  order  to  smooth 
out  the  effect  of  unavoidable  voltage  fluctuations.  Taking  this 
broad  view  of  the  situation,  there  is  a  well-defined  field  for 
both  synchronous  converters  and  motor-generator  sets,  the 
question  of  voltage  regulation  determining  the  choice  of  either 
type  of  apparatus. 

"  W.  L.  Waters:  The  reliability  of  operation  of  these  differ- 
ent classes  of  machines  is  mainly  a  question  of  the  care  they 
get  in  operation.  The  induction  motor  is  the  only  one  that 
presents  any  disadvantages  as  regards  actual  construction  of  the 
machines.  The  small  clearance  between  the  rotor  and  stator 
with  which  these  machines  operate  makes  them  more  liable  to 
mechanical  troubles,  and  the  small  slots  which  it  is  necessary 
to  use  in  the  stator  make  it  more  difficult  to  make  a  satisfactory 
job  of  a  high-voltage  winding. 

On  the  question  of  flashing  over,  the  synchronous  converter  is 
decidedly  more  sensitive  than  the  direct-current  generator.  The 
fact  that  the  alternating-  and  direct -current  sides  of  the  conver- 
ter are  so  intimately  connected,  combined  with  the  fact 
that  there  is  no  armature  reaction  in  such  a  machine  to  limit 
the  current  on  short-circuit,  make  it  peculiarly  sensitive  to  sud- 
den fluctuations  on  one  of  the  circuits.  For  carrying  overloads, 
the  converter  is  superior  to  the  direct-current  generator,  but  it 
will  not  stand  short-circuits  or  violent  fluctuations  on  either 
circuit  so  well. 

If  voltage  regulation  is  of  importance,  it  is  practically 
impossible  to  use  a  synchronous  converter.  With  a  synchron- 
ous converter  we  are  dependent  for  voltage  regulation 
upon  the  voltage  supplied  on  the  alternating-current  side. 
If  the  synchronous  converter  is  the  only  machine  on  that 
particular  line,  then  by  introducing  artificial  self-induc- 
tion into  the  line  and  putting  a  series  binding  on  the  mag- 
nets   of    the    converter,  we    can    compound    the  line  and    so 
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to  a  certain  extent  make  the  voltage  change  automatically 
with  the  load;  but  this  means  varying  the  power-factor  of  the 
converter  and  of  the  system  within  quite  wide  limits,  and  also 
that  this  change  of  voltage  on  the  line  affects  all  other  apparatus 
on  that  line.  The  only  other  way  of  adjusting  the  voltage  de- 
livered by  a  converter  is  by  introducing  seme  sort  of  an  alterna- 
ting- or  direct-ciurent  voltage  regulator  or  booster,  which  of 
course  means  extra  complication,  extra  cost,  and  lower  efllciency. 

As  regards  corrective  effect  for  power-factor,  this  can  prac- 
tically be  obtained  only  by  the  use  of  a  synchronous  motor-genera- 
tor. On  accoimt  of  its  low  power-factor,  an  induction  motor 
is  very  undesirable  at  the  end  of  a  transmission  line  and  would 
not  usually  be  considered  unless  it  were  possible  to  correct  this 
low  power-factor  by  introducing  a  leading  current  into  the  line. 
This  can  only  be  done  practically  by  means  of  a  synchronous 
motor.  A  synchronous  converter  can  be  made  to  introduce 
a  leading  current  into  the  line,  but  this  would  mean  varying 
the  direct-current  voltage  and  power-factor  of  the  machine. 

In  using  a  motor-generator  at  the  end  of  a  long  transmission 
line,  it  would  undoubtedly  be  necessary  to  employ  transformers 
for  lowering  the  voltage  before  delivering  it  to  the  synchronous 
motor.  In  this  case  the  synchronous  converter  has  a  consider- 
able advantage  in  regard  to  efllciency.  The  value  of  this  dif- 
ference in  efficiency  has  to  be  decided  in  each  case  by  the  cost 
of  producing  the  extra  kilowatt-hours.  In  a  steam  plant  where 
the  cost  of  fuel  is  high,  this  may  be  quite  important,  but  as 
most  long-distance  transmission  lines  are  operated  from  water 
power  the  cost  of  producing  the  extra  kilowatt-hourc  is  quite 
small.  Practically,  the  only  bad  effect  of  the  lower  efficiency  is 
that  it  reduces  the  capacity  of  the  power-house  machinerv 
somewhat. 

The  relative  cost  depends  a  good  deal  on  the  particular 
machine  that  we  are  considering.  If  we  consider  a  1500-kw., 
275- volt,  25-cycle  machine,  the  synchronous  converter  would 
nm  at  about  187  rev.  per  min.,  as  this  machine  could 
not  very  well  be  built  with  less  than  16  poles,  while  the 
.motor-generator  set  could,  by  using  an  interpolar  design,  be 
built  to  operate  at  a  speed  of  300  rev.  per  min.  or  even  higher. 
In  this  case  there  would  be  practically  no  difference  between 
the  cost  of  a  synchronous  converter  and  that  of  a  synchronous 
motor-generator  set.  The  introduction  of  interpolar  designs  in 
large  direct-current  work  makes  the  direct-current  generator 
the  equal,  if  not  the  superior, of  the  synchronous  converter,  at 
the  same  time  it  is  not  subject  to  the  limitation  that  the  speed  is 
dependent  upon  the  number  of  poles  on  account  of  the  frequency. 

Referring  to  the  question  of  starting.  The  induction  motor- 
generator  set  is  undoubtedly  the  simplest.  The  synchronous 
motor-generator  only  differs  from  the  induction  motor-generator 
in  that  it  is  necessary  to  close  the  exciting  circuit  and  to  synchro- 
nize the  machine  after  it  is  up  to  speed.     The  starting  of  a  syn- 
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chronous  converter  is  considerably  more  complicated  than 
that  of  a  motor-generator.  If  the  converter  is  compound  wound, 
we  have  to  short-circuit  the  series  coils  when  starting  from  the 
direct-current  side.  Then  we  have  to  synchronize  carefully, 
and  an  error  in  throwing  the  machine  on  the  line  is  much  more 
liable  to  do  damage  or  cause  a  flash-over  than  in  the  case  of  a 
motor-generator,  as  there  is  nothing  to  limit  the  short-circuit 
currents  that  would  flow.  If  we  start  from  the  alternating- 
current  side,  we  have  to  see  that  the  polarity  and  voltage  are  cor- 
rect before  we  throw  them  on  the  direct-current  line.  Throwing 
a  s3nichronous  converter  on  the  line  is  a  more  sensitive  operation 
and  one  which  is  more  liable  to  cause  damage  than  the  same  opera- 
tion with  the  motor-generator,  and  in  consequence  the  operator 
must  be  proportionately  more  skilful. 

Speaking  generally  from  the  operating  standpoint,  a  motor- 
generator  is  preferable  to  a  synchronous  converter  in  almost 
every  respect,  except  as  to  efficiency  and  cost.  And  even  as  to 
cost  a  motor-generator  is  cheaper  for  low  voltages  and  larger 
outputs,  especially  if  the  voltage  on  the  transmission  line  is  not 
over  15,000  volts,  when  the  synchronous  motor  could  be  wound 
to  take  the  high  voltage  direct.  When  comparatively  cheap 
and  medium-size  units  are  wanted,  and  under  conditions  where 
close  voltage  regulation  is  unimportant,  synchronous  converters 
would  be  used ;  when  large-size  units  are  desired  and  when  the 
voltage  regulation  and  general  flexibility  are  important,  motor- 
generators  would  be  preferable.  In  situations  where  the  ma- 
chines are  to  run  with  practically  no  attention,  probably  induc- 
tion motor  generators  would  be  perferable  to  synchronous 
motor-generators.  But  the  fact  that  synchronous  motors  can 
be  used  to  control  the  power-factor  of  the  line  is  of  such  import- 
ance in  long  transmission  lines  that  the  engineer  should  adopt 
them  wherever  possible. 
.  H.  G.  Stott:  In  regard  to  Mr.  Lincoln's  comparison  of  the 
characteristics  of  motor-generator  sets  and  synchronous  convert- 
ers, my  own  experience  confirms  his  statements.  During  the 
initial  period  of  the  operation  of  a  water-power  plant,  the  voltage 
regulation  was  fairly  good,  but  the  speed  regulation  was  poor; 
with  these  conditions,  the  synchronous  converter  gave  the  best 
results,  but  later,  when  the  number  of  generators  in  service 
had  been  increased  and  the  line  regulation  had  become  poorer, 
owing  to  the  increased  load,  we  had  to  resort  to  motor-generator 
sets,  in  order  to  obtain  regulation  suitable  for  lighting. 

In  reference  to  the  various  methods  of  starting,  it  is  desirable 
to  remember  that  any  method  involving  starting  from  the  alter- 
nating-current side  means  a  rush  of  current  equal  at  least  to 
full-load  current,  at  a  power-factor  of  less  than  25%;  whilst 
starting  from  a  motor  coupled  to  the  shaft,  or  from  the  direct- 
current  side  involves  the  use  of  only  4%  of  the  full-load  current, 
at  unity  power-factor.  The  first,  or  purely  alternating-current 
method,  may  cause  a  serious  disturbance  in  the  circuit,  resulting 
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in  hunting,  and  violent  surges  of  current  and  voltige  if  the  circuit 
is  in  a  condition  approximating  resonance. 

With  the  induction  motor-generator  set,  however,  another 
condition  obtains,  as  when  we  start  it  from  a  separate  motor  or 
from  the  direct-current  end.  and  after  bringing  it  up  to  full,  no- 
load  speed  and  throwing  it  on  the  line,  there  may  be  a  rush  of 
magnetizing  current  equal  to  more  than  10  times  full-load  current. 
This  is  the  same  phenomenon  as  observed  when  throwing  cur- 
rent into  transformers,  the  value  of  the  momentary  current  de- 
pending upon  the  point  of  the  cycle  at  which  contact  is  made, 
with  relation  to  the  point  of  the  cycle  at  which  the  current  was 
previously  broken.  With  large  induction  motors,  it  is  therefore 
necessary  to  introduce  resistance  or  inductance  at  the  moment 
of  closing  the  circuit,  but  this  resistance  may  be  cut  out  again 
after  a  few  seconds,  as  this  enormous  magnetizing  current  lasts 
only  for  a  few  alternations. 

Ralph  D.  Mershon:  I  cannot  quite  agree  with  Mr.  Lincoln 
as  to  the  relative  reliability  of  motor-generator  sets  and  synchron- 
ous converters.  I  have  been  closely  associated  with  one  in- 
stallation where  power  is  supplied  in  part  by  60-cycle  induc- 
tion motor-generator  sets  and  in  part  by  30-cycle  converters. 
While  there  has  been  very  little  trouble  due  to  either  type  of  ma- 
chine, such  trouble  as  there  has  been,  is  more  chargeable  to  the 
converters  than  to  the  motor-generator  sets,  although  there  are  a 
good  many  more  of  the  latter  than  of  the  former.  This  is  in 
spite  of  the  small  air-gaps  of  the  motors.  We  have  not  had  in 
the  installation  I  refer  to  any  trouble  such  as  Mr.  Stott  speaks 
of  in  regard  to  throwing  the  induction  motors  on  the  line 
though  this  may  be  partly  due  to  the  higher  frequency.  I  am 
quite  sure  that  the  company  supplying  the  power  would  make 
it  known  if  there  had  been  much  disturbance  when  the  motor- 
generator  sets  were  thrown  on  the  line. 

It  seems  to  me  that  in  Mr.  Lincoln's  introduction,  and  the 
discussion  of  it,  there  has  not  been  enough  stress  put  upon 
the  fact  that  operation  of  the  motor-generator  set  is  largely 
independent  of  the  line  voltage  which  it  receives,  and  that 
therefore  it  is  very  well  adapted  to  operation  on  very  long  trans- 
mission lines,  where  the  full-load  voltage  at  the  two  ends  of  the 
line  will  differ  widely.  In  some  instances  this  difference  of  volt- 
age and  the  consequent  variation  between  no  load  and  full  load 
of  the  voltage  of  the  converters  at  the  ends  of  the  transmission  line 
will  not  be  a  serious  drawback.  In  other  cases  it  may  constitute 
a  serious  objection,  and  in  any  case  it  certainly  is  a  very  attractive 
condition  of  affairs  to  have  along  the  transmission  line  motor- 
generator  sets  whose  operation  will  not  be  materially  affected  by 
considerable  variations  of  transmission  line  voltage  this  will 
apply  to  both  induction  motor-generator  sets  and  synchronous 
motor-generator  sets;  but  it  is  also  a  great  advantage  at  times 
to  have  the  equalizing  effects  which  may  be  obtained  from  a 
separately  excited  synchronous  motor  in  assisting  to  maintain 
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an  approximately  constant  voltage  on  the  transmission  line.  In 
general,  in  any  engineering  problem  we  must  adopt  the  ap- 
paratus to  the  conditions  to  be  met.  Undoubtedly,  where  the 
converters  can  be  used  without  serious  disadvantage,  there  is  a 
very  great  deal  in  their  favor  on  the  score  of  efficiency,  and  also 
on  the  score  of  first  cost.  I  believe  with  Mr.  Waters,  however, 
that  if  some  work  were  done  in  the  matter  of  raising-  the 
speed  of  motor-generator  sets  the  difference  in  cost  would  largely 
disappear. 

Charles  W.  Stone:  It  is  simpler  to  insulate  a  generator  coil 
than  it  is  a  high- voltage  transformer  coil,  for  the  following  reasons : 
The  generator  coil  is  usually  small,  and  when  insulated  is  usually 
quite  stiff  and  rugged;  whereas  the  transformer  coil  being  com- 
paratively thin  and  quite  wide  and  flat,  making  it  very  cSfficult 
to  get  an  insulation  which  will  be  continuous  and  will  not  be 
subject  to  movement  and"  consequent  deterioration. 

When  low- voltage  taps  on  the  transformers  are  used,  the 
starting  of  converters  is  much  simpler  than  the  starting  of  a  motor- 
generator  set.  I  have  seen  machines  as  large  as  1500  kw.  started 
from  the  alternating-current  side  and  brought  up  to  full  speed 
within  40  seconds.  This  means,  of  course,  a  considerable  rush 
of  current,  but  shows  that  it  is  possible  in  cases  of  emergency  to 
start  a  converter  quickly;  in  fact,  much  more  quickly  than  a 
motor-generator  set  of  similar  capacity. 

In  regard  to  the  number  of  hours  that  the  different  classes 
of  machines  would  be  out  of  service,  due  to  defects  inherent  in 
the  apparatus  itself,  I  do  not  agree  with  the  order  given  in 
the  third  page  of  the  paper.  I  should  place  the  s3nichronous 
converter  first,  next  the  synchronous  motor-generator  set,  and 
next  the  induction  motor  set.  I  am  basing  the  above  conclusions 
upon  a  careful  study  of  complaints  which  have  been  brought  to  my 
attention,  and  which  clearly  indicate  that  there  has  been  more 
trouble  with  the  induction  motor  sets  than  with  the  synchronous 
motor  sets. 

In  regard  to  the  relative  efficiencies  of  the  different  com- 
binations, I  would  say  that  the  author's  table  applies  only  to 
the  25-cycle  synchronous  converters,  as  the  efficiencies  of  the  60- 
cycle  motor-generator  set  will  approach  very  closely  those  of 
the  converter  sets.  The  60-cycle  converter  will  probably  cost 
as  much  if  not  more  than  a  motor-generator  set. 

Mr.  Lincoln  says  that  induction  motor-generator  sets  do  not 
hunt.  I  cannot  quite  agree  with  this,  as  I  have  seen  induction 
motor-generator  sets  hunt  considerably  under  certain  line  con- 
ditions.    It  is  possible  to  make  them  hunt  under  test. 

The  author  says,  that  with  the  motor-generator  set  there  are 
two  machines  to  look  after.  That  disadvantage  is,  I  think, 
somewhat  offset  by  the  fact  that  the  converter  has  very 
large  collector  rings  and  brushes  and  heavy  copper  connections. 
I  anticipate  as  much  trouble  with  the  collector  rings  and  brushes 
as  with  the  synchronous  motor  end  of  a  motor-generator  set. 
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Mr.  Lincoln  also  says  that  the  induction-motor  end  of  a  motor- 
generator  set  has  an  entirely  neutral  effect  on  the  line.     I  do 

I  not  think  that  this  is  quite  true;  it  has  a  very  serious  effect  on 

the  line,  and  that  is  in  lowering  the  power-factor. 

I  Charles  F.  Scott:     Mr.  Lincoln's  paper  is  excellent  in  that  it 

I  gives  a  general  survey  of  conditons  pertaining  to  a  given  class 

of  service.  Very  often  engineers  are  apt  to  present  a  certain 
class  of  apparatus  as  the  only  one  which  is  suitable ;  one  man, 
for  example,  advocates  the  induction  motor;  another,  the  syn- 
chronous motor,  and  still  another  cares  for  nothing  with  alterna- 
ting current  in — ^iteach  maintaining  that  his  class  of  apparatus 
is  the  one  for  all  cases.  A  paper  of  this  kind  shows  the  wide 
field  of  conditions  which  exist,  and  shows  that  each  of  several 
kinds  of  apparatus  may  have  its  own  proper  place  under  certain 
conditions. 

The  general  conditions  applying  to  the  three  classes  of  ap- 
paratus considered  have  been  presented ;  the  second  step  in  the 
problem  should  be  to  determine  the  results  of  experience.  What 
has  been  the  concrete  experience  with  each  these  different  classes 
of  apparatus?     Mr.  Lincoln  has  given  his  opinion   in  a  certain 

I  order  of  preference  of  the  different  classes  of   apparatus,   and 

some  others  have  expressed  opinions  reversing  his  order.  If 
we  could  get  from  the  operators  of  the  several  classes  of  apparatus 
their  different  experiences,  it  would  give  us  some  excellent  data. 
For  example,  when  we  are  told  by  one  gentleman  that  induction 
motor-generator  sets  give  greater  cause  for  complaint  than  other 
.  classes,  it  raises  the  question:  If  this  is  the  case,  why  is  it? 
The  simplest  kind  of  apparatus  is  the  direct-current  generator  on 
the  one  hand  and  the  induction  motor  on  the  other,  but  if,  how- 
ever, these  are  not  found  in  practice  to  give  the  best  results,  it 
will  be  interesting  to  know  more  in  particular  just  why. 

Philip  Torchio:  I  am  willing  to  endorse  all  of  Mr.  Lincoln's 
conclusions  as  far  as  applied  to  existing  moderately-high-tension 
voltage  systems  operating  relatively  short  lines.  I  do  not  think 
it  justifiable,  however,  by  actual  experience  to  apply  the  same 
conclusions  to  the  specific  conditions  of  the  paper,  having  special 
reference  to  long-distance  transmission  Hnes.  In  this  case  ex- 
perience with  synchronous  converters  is  very  limited,  and  the 
author  has  pointed  out  two  serious  drawbacks  which,  in  my 
opinion,  would  in  most  cases  preclude  the  use  of  converters. 
One  of  these  drawbacks  is  the  fact  that  converters  fall  out  of  step 
when  the  ohmic  line  drop  exceeds  a  certain  percentage,  which 
is  generally  limited  to  ten  per  cent.,  and  it  seems  to  me  that  any 
momentary  heavy  short-circuit  at  the  end  of  a  long  transmission 
line  would  be  a  menace  to  the  continuous  operation  of  the  con- 
verters. The  other  drawback  is  due  to  the  independence  be- 
tween line- voltage  fluctuations  and  direct-current  voltage  regu- 
lation. I  am  certain  that  with  most  of  the  lighting  systems 
this  fluctuation  would  prohibit  the  use  of  converters.  I  would 
even  go  a  step  further  and  state  that  with  25-cycle  transmission 
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lines,  frequency-changers  of  from  25  to  60  cycles  should  be  in- 
stalled ;  not  only  for  the  reason  of  the  higher  frequency  required 
for  good  iricandescent  lighting,  but  also  on  account  of  regulation. 

The  question  of  variation  of  frequency  can  be  remedied  at 
the  generating  station,  but  it  would  be  almost  impossible  to  ex- 
pect the  generating  station  to  regulate  the  distributing  volt- 
age with  fluctuating  loads  on  the  line. 

P.  M.  Lincoln:  Mr.  Waters  says  that  the  synchronous  con- 
verters would  compound  the  whole  hne  when  compounding 
themselves.  This  is  true  to  a  certain  extent  only;  it  is  usual 
in  operating  converters  to  place  in  each  individual  converter 
circuit  a  rather  high  reactance  which  has  largely  the  effect  of 
making  only  the  converter  compound.  Such  reactance  has 
the  further  effect  of  answering  the  objection  to  the  large  amount 
of  current  that  a  converter  would  take  when  short-circuited; 
the  reactance  has  the  effect  not  only  i^f  making  the  converter 
compound,  but  also  of  hmiting  th^  current  on  the  short- 
circuits.  Mr.  Waters  further  says  that  cfiiciency  is  not  a  very 
important  point,  because  water  power  oocrn't  cost  anything. 
This  is  an  easily  answered  argument.  If  power  is  being 
paid  for,  the  power  wasted  has  to  be  paid  for  as  weU 
as  that  used,  and  this  applies  whether  the  power  is  generated 
or  bought. 

As  to  the  contention  that  converter  speeds  are  necessarily 
lower  than  those  of  motor-generator  sets,  I  take  exception 
to  that  statement.  I  dont  see  why  converter  speeds  cannot  be 
made  as  high  as  motor-generator  speeds. 

To  the  statement  made  in  my  paper  that  the  induction 
motor  is  neutral  in  its  reaction  on  the  line,  objection  is  made 
that  the  induction  motor  is  not  neutral — that  it  is  highly  induc- 
tive. Closer  reference  to  my  langage  will  show  that  my  point 
is  that  the  induction  motor  is  neutral  so  far  as  its  capability  of 
adjustment  is  concerned;  it  takes  one  position  and  stays  there. 

Mr  Torchio  intimated  thac  ^rouble  might  be  expected  from 
converters  where  the  ohmic  line  drop  was  ten  per  cent,  or  more. 
I  should  like  to  raise  that  limit  a  little,  to  something  nearer 
twenty  per  cent.,  I  know  of  cases  where  converters  have  been 
successfully  operated  when  the  ohmic  line-drop  was  considerably 
more  than  ten  per  cent.  Also  tests  have  been  carried  out  which 
indicate  that  the  converters  can,  under  favorable  conditons, 
be  operated  with  an  ohmic  line-drop  of  twenty  per  cent.,  and 
possibly  more. 

B.  A.  Behrend:  I  want  to  ask  Mr  Lincoln  in  regard  to  the 
subject  of  his  paper  why  he  has  not  included  a  60-cycle  converter 
in  the  list  of  machines  out  of  service  for  a  certain  number  of 
hours.  How  many  hours  would  a  60-cycle,  600-volt  synchronous 
converter  be  out  of  service  ? 

P.  M.  Lincoln:  I  think  it  would  depend  entirely  upon  the 
time  at  which  the  converter  was  designed.  The  design  of  60- 
cycle  converters  has  improved  wonderfully  during  the  last  de- 
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cade.  If  it  were  designed  in  the  last  three  or  four  years,  I  should 
put  it  somewhere  between  the  25-cycle  converter  and  the  induc- 
tion motor-generator — say  12  hours. 

B.  A.  Behrend:  There  is  another  point  on  which  I  wish  to  ask 
Mr.  Lincoln.     I  quote  from  his  paper: 

However,  with  the  modem  construction  of  s3mchronous  machines, 
including  as  they  do  heavy  dampers,  there  is  so  little  probability  of  hunt- 
ing that  it  may  be  entirely  neglected.  The  only  places  in  whici  hunting 
is  apt  to  occur  are  in  cases  where  antiquated  generators  are  used  and 
where  the  ohmic  line-drop  is  very  high.  Neither  of  these  is  apt  to  occur 
in  practice 

I  am  afraid  that  this  statement  is  not  altogether  true.  I  am 
quite  willing  to  state  that  hunting  does  not  occur  very  often,  but  it 
does  occur  in  some  cases,  and  in  such  cases  it  is  often  very 
obdurate  and  it  is  difficult  to  account  for  the  causes  in  a  satis- 
factory manner.  I  should  like  to  know  why  the  ohmic  drop 
has  such  considerable  effect;  it,  of  course,  limits  the  overload 
capacity  of  the  synchronous  machine ;  it  changes  the  character- 
istic frequency  of  the  oscillation ;  and  if  there  exist  in  the  system 
somewhere  forced  perturbations  of  a  given  frequency,  then  there 
may  be  a  resonance  effect  produced  by  an  increase  in  line  resis- 
tance. But  even  this  does  not  explain  thoroughly  why  line 
resistance  is  made  responsible  for  hunting.  Mr.  Lincoln's 
statement  that  hunting  in  modem  synchronous  machines  can 
be  neglected  seems  to  me  somewhat  broad,  although  Mr.  Lin- 
coln allows  himself  a  loophole  by  stating  that  this  is  the  case  only 
with  modem  generators  and  converters  of  a  recent  style  with  heavy 
dampers.  I  should  like  to  ask  Mr.  Lincoln  why  he  considers  line 
resistance  responsible  for  hunting? 

P.  M.  Lincoln:  Hunting  always  means  that  the  rotor  of  the 
machine  that  is  hunting  is  departing  from  its  true  mean  path — 
periodically  ahead  of  and  behind  that  path.  The  magnetic 
field  which  flows  from  the  pole  into  the  armature  is  shifting  con» 
stantly  from  one  side  to  the  other  of  the  pole.  The  way  to  pre- 
vent that  is  simply  to  put  grid  dampers  upon  the  iron  of  the 
pole,  and  in  that  case  if  there  is  any  tendency  for  the  flux  to  shift 
across  the  pole  face,  large  currents  are  set  up  in  these  dampers 
which  oppose  the  shifting  of  the  magnetic  lines. 

The  application  of  grid  dampers,  judging  from  the  experience 
has  been  a  complete  cure  for  hunting — the  exceptions  being 
accounted  for  on  high  ohmic  drops. 

B.  A.  Behrend:  What  is  the  effect  of  the  ohmic  drop  in  regard 
to  hunting? 

P.  H.  Lincoln:  I  am  unable  to  give  you  an  exposition  of  the 
reasons  at  this  time.  We  have  made  experiments  to  determine  the 
limits  of  ohmic  resistance  and  have  found  that  under  favorable 
conditions  the  grid  damper  would  prevent  hunting  with  an  ohmic 
drop  as  high  as  20%.  The  final  limit  mav  be  even  higher  than 
this. 

J.  R.  C.  Armstrong  (by  letter:  I  am  in  full  accord  with  the 
conclusion  stated    in  the  last   paragraph  of  the  paper,  to  the 
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effect  that,  "  there  are  but  few  cases  where  the  motor-generator 
should  be  used  in  preference  to  the  synchronous  converter*'. 

I  understand  that  the  object  of  this  paper  is  to  determine 
which  of  the  three  devices — synchronous  converters,  motor- 
generator  sets  with  synchronous  motors,  or  motor-generator 
sets  with  induction  motors — ^is  the  best  for  transforming  alterna- 
ting current  into  direct  current,  and,  at  the  same  time,  maintain- 
ing a  constant  voltage  on  the  direct-current  bus-bars. 

It  seems  to  me  that  the  items  **  Parallel  operation  "  and 
**  Starting  "  should  precede  **  Efficiency  "  and  "  Cost",  as  these 
factors  are  vital  to  the  successful  operation  of  a  plant. 

Reliability,  or  continuity  of  operation  is  I  think  the  most 
important  condition  to  obtain,  especially  at  times  when  the  great- 
est demand  is  made  upon  the  respective  pieces  of  apparatus. 

I  believe  that  undue  prominence  and  stress  has  been  laid  on 
so  called  **  bucking  "  or  arcing  over  on  the  synchronous  conver- 
ters. It  is  true  that  this  occasionally  happens,  but  in  a  well- 
designed  converter  the  percentage  of  trouble  in  a  station  due 
to  this  cause  is  very  small.  When  bucking  does  occur,  very 
little  damage  results  to  the  converter,  due  to  the  highly  developed 
protective  switchboard  apparatus  installed  on  the  alternating- 
current  and  direct-current  sides  of  the  converter  circuits.  It 
is  very  seldom  that  a  short-circuit  on  transmission  lines,  either 
or  alternating-current  or  direct-current  sides,  causes  the  converter 
to  arc  over,  due  to  the  fact  that  the  overload  device  on  the  break- 
ers will  operate  and  thus  clear  the  station  bus-bars.  A  great 
deal  of  the  trouble  experienced  in  the  operation  of  converters  is 
due  to  the  fact  that  the  negative  side  of  the  circuit  has  been 
grounded  and  no  attention  has  been  paid  to  insulating  the 
machine  from  the  ground.  It  is  readily  seen  that  since  there  is 
a  short  distance  between  the  commutator  bars  and  the  frame 
of  the  machine,  there  is  only  this  short  distance  between  the 
commutator  bars  and  the  ground  when  the  frame  of  the  machine 
is  thoroughly  grounded.  Bucking  due  to  this  cause  can  bo  very 
easily  obviated  by  insulating  the  machine  from  the  ground ;  in 
other  words,  installing  it  on  insulating  material  that  will  not  al- 
low an  appreciable  current  to  pass  from  the  commutator  bars 
to  the  frame. 

In  my  opinion,  the  time  assumed  for  the  synchronous  converter 
being  out  of  service  is  too  high.  I  think  that  this  figure 
(10  hours)  can  be  materially  reduced. 

Voltage  regulation.  With  regard  to  the  statement  in  the  paper 
on  "  Variations  in  direct-current  voltage  with  variations  in  in- 
coming line  voltage  and  frequency."  I  do  not  believe  that  such 
great  variations  may  be  expected.  Should  large  variations  occur, 
it  would  be  on  an  exclusively  railway  system  where  the  fluctua- 
tions in  direct-current  voltage  would  not  be  a  serious  matter; 
whereas,  where  a  steady  direct-current  voltage  is  required, 
as,  for  instance,  in  a  lighting  system,  the  period  of  fluctuations 
would  be  quite  long,  in  fact  long  enough  to  allow  the  operator 
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in  the  generating  station  to  change  the  field  strength  on  the 
generator  in  order  to  hold  the  voltage  more  or  less  constant. 
This,  I  believe,  would  likewise  apply  to  most  systems  composed 
of  a  combined  lighting  and  railway  load.  Therefore,  I  believe 
that  the  synchronous  converter  compares  favorably  with  the 
motor-generator  set  and  not  unfavorably,  as  mentioned  in  the 
paper,  for  operation  under  ordinary  conditions. 

Parallel  operation.  In  the  present  state  of  the  art  of  design- 
ing synchronous  motors  and  converters,  I  agree  with  the  writer 
that  **  The  synchronous  motor  and  converter  are  on  a  par  in 
regard  to  hunting".  The  question  of  hunting  on  the  last  two 
mentioned  machines  may  be  neglected. 

Starting,  It  might  be  mentioned  in  connection  with  the 
amount  of  current  that  these  respective  kinds  of  apparatus 
take  from  the  line,  that  the  induction-motor  set  is  very  bad  in 
this  respect.  For  in  the  case  when  a  heavy  draught  of  current 
is  taken  from  the  line,  thereby  setting  up  line  disturbances, 
the  induction  motor-generator  set  is  very  conducive  to  this  con- 
dition. 

When  new  and  in  good  condition,  the  motor  will  require  a 
considerable  interval  of  time  to  bring  the  machine  being  started 
to  synchronous  speed  before  switching  it  on  the  line.  This 
operation  will  sometimes  take  as  much  as  five  minutes.  A 
much  simpler  and  quicker  method  of  starting,  and  one  which 
does  not  draw  a  large  amount  of  current  from  the  line,  is  that  of 
starting  from  the  direct-current  bus-bars  of  the  station.  This  can 
be  accomplished  very  simply,  and  no  time  is  lost  in  waiting  to  get 
the  machine  at  the  exact  frequency  of  the  line.  It  can  be  done 
by  sectionalizing  the  field  and  connecting  the  field  leads  to  a 
multiple-point  switch  that  will  introduce  into  the  field  circuit 
when  opened  a  large  amount  of  resistance,  thereby  largely  re- 
ducing the  normal  current  flowing  in  the  field,  and  at  the  same 
time  causing  a  very  slight  increase  in  voltage  on  the  field  windings. 
With  this  switch,  a  tripping  device  for  the  direct-current  breaker 
can  be  operated  and  connected  in  such  a  way  that  the  direct- 
current  breaker  through  which  the  machine  is  receiving  its  power 
can  be  tripped  before  the  high  resistance  is  thrown  into  the 
field  circuit.  A  second  contact  can  be  attached  to  this  switch 
for  closing  the  alternating-current  circuit  on  the  converter;  this 
operation  following  immediately  the  introducing  of  the  high 
resistance  into  the  field  as  above  mentioned.  It  will  be  seen 
that  in  the  one  operation  above  outlined,  three  things  are  accom- 
plished; namely,  the  cutting  off  of  the  starting  current,  the  intro- 
ducing of  a  large  resistance  into  the  field  circuit ;  and  the  closing 
of  the  oil  switch — all  three  operations  following  one  another  in 
the  order  named.  Then  the  machine  cuts  in  on  the  alterna- 
ting-current side  when  the  armature  is  practically  **  floating' \  due 
to  its  own  momentum,  at  approximately  synchronous  speed,  and 
cut   off  from   the  direct-current  source  of  power. 

After  the  above  operation  has  been  carried  out,  the  high  re- 
sistance is  cut  out  of  the  field  circuit  by  closing  the  multiple- 
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point  switch  and  the  machine  is"  then  ready  for  service.  It 
"will  be  seen  that  there  can  be  very  little  strain  or  jar  thrown  on 
the  armature  in  starting  a  machine  by  the  above  method.  Units 
of  large  size  can  be  started  by  this  method  by  the  ordinary 
operator  in  one  minute  or  less.  Therefore,  I  cannot  see  why 
the  more  expensive  methods  as  proposed  in  this  paper  for  start- 
ing machines  of  the  above  mentioned  type  should  be  employed, 
except  perhaps  where  one  of  the  above  methods  might  be  in- 
stalled for  starting  one  machine  in  case  of  emergency  when  no 
direct-current  power  was  obtainable  in  the  station. 

The  above  method  of  starting  machines  from  the  direct-current 
bus-bars  is  now  employed  in  quite  a  number  of  sub-stations  in 
New  York  where  converters  are  installed.  It  has  been  giving 
entire  satisfaction. 

In  regard  to  cost  of  apparatus  for  starting,  it  might  be  men- 
tioned that  the  cost  of  installing  a  switch  as  described  above  is 
only  nominal,  compared  with  the  cost  of  other  types  of  starting 
apparatus. 

The  advantages  of  the  synchronous  converter  over  the  motor- 
generator  are  very  marked,  especially  with  respect  to  reliability, 
which  I  believe  to  be  the  predominating  feature.  Further, 
there  is  a  wider  range  of  application  of  the  synchronous  con- 
verter than  there  is  of  the  motor-generator. 

A.  H.  Babcock  (by  letter) :  A  single  qualifying  clause  should 
be  added  to  the  author's  conclusions;  that  is,  provided  that 
the  Hne  frequency  is  not  greater  than  25  cycles.  Experience 
on  long  lines  in  the  West,  especially  where  an  extensive  distribu- 
tion system  is  operated,  shows  plainly  that  synchronous  convert- 
ers should  be  barred  entirely  where  frequencies  as  high  as  60 
cycles  are  iised. 

For  railway  work,  especially  where  the  generating  station  dis- 
tribution is  under  one  control,  and  the  frequency  can  be  made 
25  cycles  or  less,  synchronous  converters  are  to  be  preferred. 

For  1200- volt  lines,  the  indications  are  that  ordinary  600- volt 
generating  apparatus  operated  in  series  will  give  satisfactory 
results,  although  there  is  no  experience  in  this  country,  at  the  pre- 
sent time,  on  which  to  base  a  positive  opinion. 

F.  G.  Baum  (by  letter):  This  paper  assumes  that  60-cycle 
converters  are  as  satisfactory  in  operation  as  motor-generators. 
In  any  event,  the  author  seems  to  have  had  in  mind  a  25-cycle 
system. 

Assume  for  example  that  a  given  district  is  to  be  supplied  by 
direct  current  at  several  points,  also  60-cycle,  2300  to  10,000 
volts  for  light  and  power  circuits  from  a  60-cycle  power  system. 
The  substations  feeding  the  light  and  power  circuits  are  also 
to  be  used  for  the  conversion  from  alternating  to  direct  current. 

In  this  case,  to  the  cost  of  the  converter  there  must  be  added 
that  of  a  bank  of  transformers  and  regulators  to  supply  it ;  add  also 
the  losses  of  the  transformers.  This  would  bring  the  cost  of 
the  converters  and  transformers  to  about  80%  of  that  of  the 
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motor-generator,  and  reduce  the  efficiency  of  the  converter  to 
about  90%. 

The  extra  floor  space  for  the  transformers  must  also  be  con- 
sidered. Also  the  great  advantage  the  motor-generator  set  has 
in  regulation  on  the  alternating-current  side,  as  well  as  on  the 
direct-current  side.  These  advantages  are  of  great  importance, 
and,  considered  in  the  light  of  present  experience  with  60-cycle 
converters,  the  motor-generator  would  generally  be  selected 
for  the  conditions  here  assumed.  The  conditions  here  assumed 
are  those  generally  prevailing,  except  where  there  is  a  special 
system  for  the  railroad  power. 

Ernest  J.  Berg  (by  letter) :  My  judgment  is  that  the  syn- 
chronous converter  is  likely  to  play  even  a  more  prominent  part 
in  the  future  than  at  the  present  time.  I  quite  agree  with  Mr. 
Lincoln  in  regard  to  the  reliability  of  the  converter  as  compared 
with  the  other  types. 

Regarding  the  voltage  regulation.  I  do  not  think  it  serious 
that  the  power-factor  is  affected  by  automatic  voltage  regulation. 
Considerable  control  can  be  had  with  but  slight  change. 

In  most  long-distance  transmission  lines,  considerable  lagging 
current  is  not  objectionable  at  light  loads,  because  the  charging 
current  is  larger  than  the  lagging  current,  due  tp  the  induction 
ioad.  In  its  control  of  voltage,  the  converter  can  be  adjusted 
to  take  considerable  lagging  current  at  no  load  and  practically 
none  at  full  load.  Therefore,  the  converter  might  advantage- 
ously be  operated  with  such  automatic  control.  In  low-voltage 
transmissions,  which  however  are  outside  of  the  scope  of  this 
paper,  there  would  be  some  objections  on  this  score. 

I  quite  agree  with  the  conclusions  given  under  the  heading 
**  Corrective  effect  '*  and  also  under  the  heading  **  Efficiency." 
The  question  of  cost  I  can  hardly  pass  upon,  but  I  recollect 
some  cases  in  which  the  cost  of  the  synchronous  converter  with 
its  transformer  was  practically  the  same  as  that  of  high-speed 
induction  or  synchronous  motor-generators. 

Regarding  parallel  operation.  My  experience  leads  me  to 
believe  that  a  properly  designed  synchronous  converter  operating 
on  a  25-cycle  system  can  be  made  quite  as  stable  as  any  synchron- 
ous motor-generator,  even  if  the  latter  is  equipped  with  various 
kinds  of  anti-hunting  devices. 

Regarding  the  heading  "  Starting  ".  I  consider  that  the  three 
systems  are  practically  on  a  par.  Induction  motor-generators 
will  take  about  as  much  current  as  any  of  the  others,  if  special 
starting  devices  are  omitted. 

My  conclusions,  therefore,  agree  with  those  of  Mr.  Lincoln, 
that  in  most  cases  the  synchronous  converter  offers  advantages 
over  the  other  two  kinds  of  machine.  I  consider  that  in  high- 
potential  transmissions  where  there  is  usually  a  leading  watt- 
less current,  the  induction  motor  is  preferable  to  the  synchronous 
motor  in  every  case. 

R.  6.  Black  (by  letter):    This  paper  refers  to  matters  that 
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interest  not  only  the  electrical  engineer,  but  the  operating  man 
the  capitalist,  and  the  customer.  In  my  opinion  it  is  hard  tc 
consider  the  various  heads  under  which  the  paper  is  discussed 
for  both  railroad  work  and  lighting  and  power  work,  as  what 
might  be  entirely  satisfactory  for  railroad  work  might  be  other- 
wise for  lighting  and  power  work.  From  the  point  of  reliability 
I  would  say  that  our  experience  leads  us  to  differ  with  the  writer 
of  the  paper  as  regards  the  motor-generator  set,  as  generally 
designed,  resuming  operation  automatically  after  temporary 
cessation  of  power  supply;  for  if  the  speed  should  drop  below 
50  per  cent,  it  is  very  doubtful,  with  the  load  of  incandescent 
lights,  direct-current  motors,  etc.,  if  the  induction  motor  would 
resume  speed  without  drawing  sufficient  current  to  trip  the  auto- 
matic alternating-current  line  circuit-breakers.  However,  with 
a  specially  designed  coil-wound  induction  motor,  so  arranged 
either  by  means  of  a  centrifugal  device  or  an  electrical  device 
automatically  to  put  resistance  in  the  rotor  circuit,  should  the 
speed  drop,  say,  25  per  cent,  below  normal,  it  is  quite  possible 
to  arrange  a  motor-generator  station  so  that  the  induction 
motors  will  automatically  resume  operation  notwithstanding  the 
direct-current  load  remains  on.  With  motors  arranged  as  above, 
I  should  be  much  inclined  to  place  the  induction  motor-genera- 
tor set  first  on  the  list,  with  the  25-cycle  synchronous  converter 
second,  with  about  the  same  number  of  hours  as  shown. 

Speaking  generally,  on  every  point  except  cost  I  should  be  in- 
clined to  favor  the  specially  arranged,  coil-wound  induction 
motor  as  being  the  most  reliable,  easiest  operated,  and  least  ob- 
jectionable of  the  three  classes  of  machines  discussed.  In  the 
matter  of  cost  there  is  no  doubt  but  that  the  synchronous  con- 
verter has  the  advantage,  particularly  if  its  overload  capacity 
is  taken  into  consideration,  but  unless  the  operating  company 
controls  the  transmission  company,  or  has  an  agreement  with 
them  whereby  the  variation  in  voltage  is  not  excessive,  the 
cost  of  a  large  enough  induction  regulator  brings  the  cost  of  the 
converter,  with  transformers  and  regulator,  very  nearly  equal 
to  that  of  a  motor-generator  set  for  a  given  kilowatt  capacity. 
If  the  induction  motor  sub-station  is  close  enough  to  a  terminal 
station  so  as  not  to  make  transformers  necessary,  it  might  in 
some  instances  be  cheaper  than  the  synchronous  converter  set. 

At  one  of  the  plants  with  which  I  have  been  affiliated,  which 
is  connected  to  a  long-distance  transmission  system,  arrange- 
ments are  being  made  to  purchase  five  ISOO-h.p.  induction 
motor-generator  sets  for  lighting  and  power  work  in  preference 
to  synchronous  converter  sets  or  synchronous  motor-generator 
sets,  the  idea  being  that  they  will  be  much  more  reliable,  easier 
to  operate,  and  more  satisfactory  in  every  way  than  either  of 
the  other  types  of  machine. 

Edward  P.  Burch  (by  letter) :  The  writer's  experience  is  that 
60-cycle  converters  are  not  reliable.  They  are  therefore  unsatis- 
factory for  600- volt  electric  railway  service.     He  would  recom- 
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mend  the  purchase  of  the  higher  price  and  lower  efficiency 
synchronous  motor-generators  in  place  of  60-cycle,  600- volt 
converters. 

H.  W.  Buck  (by  letter) :  On  a  miscellaneous  system  of  power 
transmission  covering  a  large  territory  it  becomes  very  difficult 
to  adjust  the  voltage  throughout  the  transmission  network  to 
suit  everybody,  where  each  custc^mer  is  directly  dependent  on 
the  line  voltage  at  the  point  of  delivery  of  the  power.  This  con- 
dition becomes  more  pronounced  as  the  length  of  transmission 
lines  is  increased.  With  a  trunk  line,  say  200  miles  in  length, 
feeding  branch  lies  here  and  there  of  considerable  length,  it  is 
virtually  impossible  to  maintain  anything  like  a  uniform  po- 
tential on  all  parts  of  the  system,  nor  is  it  possible  to  prevent 
wide  fluctuations  in  the  voltage  at  any  given  point.  Sudden 
changes  in  load  are  inevitable,  together  with  changes  in  phase  re- 
lation. Such  power  systems  should  not  be  closely  restricted 
in  regard  to  line  voltage  regulation  but  should  be  free  to  deliver 
power,  in  the  rough,  so  to  speak,  with  voltage  refinements 
made  on  the  secondary  distributing  circuits.  The  power  com- 
pany should  be  allowed  a  variation  in  line  voltage  of  20%  if 
necessary,  or  10%  above  and  below  a  mean.  Such  fluctuations 
might  not  be  objectionable  for  many  classes  of  power  work,  but 
would,  of  course,  be  prohibitive  on  lighting  circuits.  It  becomes 
necessary,  therefore,  under  these  conditions  to  have  the  vol- 
tage of  the  secondary  distributing  circuits  rendered  independ- 
ent of  the  line  voltage,  and  motor-generators  must  be  installed. 

It  is  true,  as  pointed  out  by  Mr.  Lincoln,  that  frequency  varia- 
tion with  a  motor-generator  installation  disturbs  the  distrib- 
uting generator  voltage ;  but  on  large  transmission  systems  hav- 
ing a  heavy  and  diversified  load,  as  is  usual,  good  frequency 
regulation  is  not  difficult.  The  loads  on  various  portions  of  the 
system,  and  consequently  the  voltage  at  such  points,  may 
fluctuate  widely,  but  in  general  the  total  resultant  load  at  the 
main  power  house  remains  either  practically  constant  or  else 
changes  so  gradually  that  the  governors  can  compensate  for  it 
with  small  change  in  generator  speed. 

As  to  the  comparison  between  induction  and  synchronous 
motor-generators,  while  the  induction  type  has  certain  ad- 
vantages in  starting,  the  synchronous  type  has  other  advantages 
of  equal  importance.  In  cases  of  momentary  short-circuits 
on  the  system  there  will  be  a  tendency  for  all  the  motor- 
generators  and  converters  to  drop  out  of  step,  due  to  the  con- 
sequent drop  in  voltage.  In  the  induction  type  the  torque 
drops  as  the  square  of  the  drop  in  voltage,  and  a  heavily  loaded 
induction  motor  may  therefore  break  down  at  a  comparatively 
small  reduction  in  impressed  voltage.  In  the  synchronous  type, 
the  field  current  of  the  motor  being  proportional  to  line  fre- 
quency only,  will  remain  constant  under  drops  in  line  voltage,  and 
will  tend  to  keep  up  the  voltaj2:e  at  the  motor  terminals,  and 
maintain  the  torque.     In  this  regard  the  converter  has  the  san.c 
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characteristics  as  the  induction  motor,  in  that  its  field  current 
falls  with  the  voltage  of  the  line.  In  the  writer's  experience  the 
motor-generators  of  the  synchronous  type  hold  in  step  better 
under  line  short-circuits  than  either  converters  or  induction 
motor-generators. 

The  absolutely  independent  control  of  the  voltage  of  the 
distribution  circuit  possible  with  the  motor-generator  combina- 
tion affords  many  operating  advantages,  all  of  which  cannot  be 
listed  on  paper.  The  possibility  of  independent  phase  control 
with  the  synchronous  type  is  of  special  advantage.  On  every 
alternating-current  power  system  there  must  of  necessity  be 
many  small  induction  motors  in  operation,  and  compensation 
fox*  their  low  operating  power-factor  can  only  be  obtained  by 
means  of  some  large  synchronous  motors  on  the  lines.  The 
introduction  of  single-phase  railways  as  customers  on  large 
power  systems,  with  the  low  power-factors  of  their  circuits,  makes 
this  corrective  influence  all  the  more  demanded. 

O.  B.  Coldwell  (by  letter) :  Mr.  Lincoln  places  "  Reliability 
of  operation  "  at  the  head  of  the  list  of  points  to  be  considered 
when  making  a  selection  of  the  most  suitable  machine  for  the 
connecting  link  between  the  high-tension  transmission  line  and 
the  low-tension  direct-current  distributing  system.  Unquestion- 
ably this  is  the  point  of  most  importance  to  those  entrusted  with 
the  operation  of  a  plant  using  such  apparatus. 

It  has  not  been  the  experience  of  the  writer  that  the  converter 
has  a  decided  advantage  over  a  motor-generator  set,  on  account 
of  there  being  but  one  machine  to  get  out  of  order  rather  than 
two.  A  converter  is  necessarily  provided  with  slip-rings  on  the 
alternating  end — six  rings  in  the  case  of  large  converters — and 
even  with  the  best  of  attention  there  will  occasionally  be  trouble 
on  this  side  of  the  machine.  This  feature  is  entirely  absent 
in  the  motor-generator  set. 

The  induction  set  is  driven  by  a  unit  that,  when  once  in  opera- 
tion, has  a  decided  tendency  to  remain  so  in  spite  of  momentary 
disturbances  on  the  high-tension  system  which  would  invariably 
cause  the  synchronous  motor  and  the  synchronous  converter 
set  to  drop  out  of  step.  Due  to  the  intimate  relation  existing 
between  the  alternating-current  supply  circuit  and  the  direct- 
current  end  of  the  converter — both  being  connected  to  the  same 
set  of  armature  windings — and  to  the  fact  that  the- sliding  con- 
tacts on  the  alternating-current  side  are  to  be  taken  into  account 
as  well  as  the  commutator,  I  should  consider  the  converter  as  the 
least  reliable  machine  when  inherent  defects  in  the  apparatus 
are  used  as  a  basis  of  comparison. 

I  should  therefore  revise  the  table  of  relative  reliability  due  to 
defects  inherent  in  the  apparatus  to  read  as  follows: 

Induction  motor-generator     10 

Synchronous  motor-generator   14. 

25-cycle  synchronous  converter  17. 

I  agree  with  Mr.  Lincoln  that  it  is  an  advantage  to  be  able  to 


1907]  DISCUSSION  AT  NEW  YORK  327 

control  the  voltage  independently  of  the  supply  circuit.  Un- 
doubtedly the  converter  is  handicapped  in  this  respect.  In 
railway  work  this  is  not  of  such  importance  as  in  the  case  of 
lighting  apparatus. 

As  to  the  "  corrective  effect/',  the  synchronous  motor-genera- 
tor set  is  the  only  unit  under  consideration  that  can  be  used 
for  the  purpose  and  at  the  same  time  not  suffer  a  disturbance 
of  the  direct-current  voltage.  Unless  the  **  corrective  "  features 
of  the  synchronous  motor  and  converter  are  applied  intelligently, 
more  harm  than  good  may  result. 

The  s)nichronous  converter  is  the  best  machine  as  re- 
gards efficiency.  Mr.  Lincoln's  calculation  is  apt  and  shows  very 
plainly  the  advantage  enjoyed  by  the  converter  in  this  respect. 

Regarding  cost,  the  writer  is  of  the  opinion  that  60%  is  some- 
what low  for  the  converters,  as  it  is  necessary  to  consider  the 
step-down  transformers,  the  voltage  regulators,  the  blower  for  air, 
cooled  transformers,  and  the  more  expensive  construction  due 
to  the  necessity  for  an  air  chamber  under  the  transformers. 

Parallel  operation  is  equally  good  for  all  machines. 

The  induction  motor-generator  set  is  the  best  as  regards 
starting,  as  no  synchronizing  is  required.  In  some  of  the  larger 
sets,  however,  it  is  customary  to  start  them  on  direct  current 
and  bring  them  to  speed  before  connecting  them  to  the  supply 
circuit,  thus  avoiding  any  serious  shock  on  throwing  on  the  line. 

No  mention  is  made  of  the  use  of  half  or  one-third  or  two- 
thirds  taps  for  starting  the  converter  on  the  alternating-current 
side.  This  is  undoubtedly  the  quickest  way  of  starting  a  con- 
verter and  connecting  it  with  the  line.  It  is  successfully 
used. 

The  use  of  the  storage-battery  in  central  sub-stations  where  a 
large  direct-current,  low-tension  lighting  system  is  installed,  as 
well  as  a  direct-current  railway  system,  for  the  purpose  of 
acting  as  a  relay  on  the  alternating-current  supply  from  long-dis- 
tance transmission  lines,  should  in  some  cases  have  a  bearing 
upon  the  selection  of  apparatus.  In  such  case  the  battery 
could  carry,  during  times  of  trouble,  the  low-tension  system 
directly  and  the  railway  system  indirectly,  the  transformer  ma- 
chinery being  operated  inverted. 

While  converters  have  been  and  are  operated  inverted,  they 
are  not  so  successful  in  this  respect  as  the  synchronous  motor- 
generator  set. 

It  is  the  writer's  opinion  that  a  selection  of  apparatus  should 
be  made  only  after  a  very  careful  study  of  all  the  operating 
features  of  the  particular  case  in  hand.  It  is  quite  possible  that 
the  best  results  could  in  some  cases  be  obtained  by  using  both 
converters  and  motor-generator  sets.  A  discussion  of  this 
particular  feature  should  bring  out  some  interesting  points. 

W.  R.  C.  Corson  (by  letter):  The  problem  of  determining 
the  best  method  for  converting  alternating  to  direct  current  for 
any  particular  case  must,  of  course,  be  largely  dependent  on  the 
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governing  conditions  of  supply  and  the  purpose  of  the  derived 
current.  Mr.  Lincoln^s  treatment  of  the  subject,  by  classifying 
the  operating  requirements  of  such  apparatus,  and  noting  the 
points  of  relative  vantage  which  the  several  methods  possess  in 
each  class,  is  an  analysis  which  aids  in  a  solution  of  the  problem. 
But  it  is,  after  all,  a  problem  which  is  not  susceptible  of  a  general 
solution.  The  several  classes  of  operating  requirements  should 
be  given  differing  relative  values  in  considerations  involving  the 
choice  of  apparatus  for  differing  purposes  or  conditions.  The 
summary  of  Mr.  Lincoln^s  paper,  which  seems  to  establish  thr 
preeminent  excellence  of  the  converter  because  it  is  found  su 
perior  in  a  majority  of  counts,  is,  however,  really  of  little  assistance 
and  serves  only  to  establish  an  explanation  for  its  present 
almost  universal  employment  for  the  conversion  of  alternating 
to  direct  current.  There  are  conditions  of  operation  in  which 
the  synchronous  converter  falls  behind  its  competitors  in  filUng 
the  essential  requirements,  and  any  conclusion  that  will  help 
us  in  a  limitation  of  these  conditions  will  be  useful. 

Under  the  head  of  reliability,  the  synchronous  converter  is 
given  the  highest  award,  because  but  a  single  machine  is  involved 
as  against  a  unit  of  two  machines.  The  conclusion  would  follow 
that  the  converter  is  therefore  twice  as  reliable  as  any  method 
of  double  conversion,  were  it  not  for  the  further  numerical  values 
for  the  relative  reliability  advanced  by  the  author.  Now  the  rela- 
tive reliability  can  hardly,  it  seems  to  me,  be  measured  by  the 
number  of  hours  that  the  apparatus  would  be  out  of  service  with- 
in a  given  time,  even  if  we  could  all  agree  on  a  basis  for  estima- 
ting the  probable  hours  of  breakdown.  A  more  reasonable  val- 
uation of  reliability  would  be  the  ratio  of  operating  time  to  that 
of  breakdown ;  but  here  again  any  exact  assignment  of  values 
would  be  so  much  a  matter  of  personal  opinion  that  no  definite 
conclusion  could  be  reached.  The  mathematical  chance  of  pure 
accident  is  greater  in  a  unit  of  two  machines  than  in  a  simpler 
apparatus,  but  reliability,  from  the  practical  viewpoint,  should 
involve  other  considerations  than  the  mere  mathematical  chance 
of  accidents  from  unforeseeable  causes.  We  must  take  the  risk 
of  accident,  in  this  sense,  in  almost  any  responsibility  we 
assume,  and  can  rarely  place  a  value  on  such  risk. 

Reliability,  for  the  purposes  of  this  discussion,  should  cover 
the  broader  field  of  ability  successfully  to  operate  under  adverse 
or  abnormal  conditions,  and  the  weight  attached  to  the  measure 
of  reliability,  as  thus  defined,  possessed  by  any  class  of  apparatus 
should  be  in  proportion  to  the  probable  diversion  from  normal 
of  the  conditions  for  which  a  selection  is  to  be  made.  Reliability, 
in  other  words,  should  be  understood  as  the  possession  of  robust 
characteristics  as  opposed  to  those  sensitive  to  adverse  conditions. 

For  general  ability  to  withstand  the  hard  knocks  of  fluctua- 
tions of  voltage,  frequency,  or  load,  or  of  heavy  overload,  and 
to  operate  with  a  minimum  of  attention  under  all  circumstances, 
the  induction  motor  is  without  a  peer.     A  direct-current  genera- 
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tor  coupled  to  it  to  form  conversion  apparatus  can  be  designed 
to  possess  the  best  characteristics  of  such  a  machine  uncom- 
promised  by  the  conditions  imposed  by  the  alternating-current 
supply.  From  the  point  of  view  of  reliability  I  should,  therefore, 
place  the  induction  motor-generator  set  in  first  place;  the  syn- 
chronous motor-generator  in  the  second;  with  full  appreciation 
of  its  merits  under  proper  environment,  I  should  give  the  syn- 
chronous converter  the  lowest  mark  of  the  three. 

The  characteristics  of  the  several  types  of  converters  as  af- 
fecting the  control  or  regulation  of  the  direct-current  voltage 
is  considered  by  Mr.  Lincoln,  and  his  conclusion  that  relative 
numerical  values  of  merit  should  not  be  attempted  on  account 
of  the  variable  conditions  dictating  a  selection  is  correct.  He 
points  out  one  case  in  which  the  synchronous  converter  can  not 
be  used ;  as  no  case  appears  against  the  other  types,  perhaps  in 
this  particular  group  of  characteristics  the  converter  must  also 
take  last  place. 

The  corrective  effect  of  the  converting  apparatus  on  the  line 
is  a  matter  of  importance  in  the  proportion  which  the  capacity 
of  that  apparatus  bears  to  the  total  load  on  the  line.  It  is  clearly 
shown  in  the  paper  that  circumstances  of  control  make  this  effect 
a  desirable  or  undesirable  characteristic.  The  induction  motor- 
generator,  having  no  corrective  effect,  may  be,  therefore,  in  this 
count,  either  utterly  worthless  or  preeminently  excellent,  but 
under  either  consideration  the  converter  seems  to  have  second 
place. 

In  efficiency,  the  converter  is  undoubtedly  the  superior  of 
either  of  the  other  types  with  which  it  is  compared,  and  it  is 
unquestionably  its  superiority  in  this  respect  which  influences 
most  largely  its  almost  universal  selection.  It  d6es  not  seem 
quite  fair,  however,  to  allow  to  the  converter  quite  the  measure 
of  superiority  credited  by  Mr.  Lincoln's  figures  for  efficiency. 
These,  I  understand,  are  admittedly  made  on  the  assumption 
.  that  the  line  voltage  is  "  too  high  for  a  revolving  machine  and 
must  be  transformed  before  utilizing."  This  assumption  is  of 
a  condition  which  is  usually  necessary  to  converter  operation 
but  by  no  means  so  to  that  of  its  competitors.  To  give  them 
the  benefit  of  the  doubt,  it  would  be  fair  to  decrease  the  figure 
representing  the  economical  superiority  of  the  converter  by  an 
amount  determined  by  the  static  transformer  losses.  If  this 
were  admitted,  the  relative  economy  of  the  different  types  would 
be  represented  by  the  following  values: 

Synchronous  converter 91 

Synchronous  motor-generator 85 

Induction  motor-generator 84 

The  first  cost  of  a  synchronous  converter  installation  is  much 
less  than  that  of  the  other  types,  but  again  the  cost  of  step- 
down  transformers,  and  usually  of  additional  switching  equip- 
ment, should  be  included  with  that  of  the  converter  itself  in  the 
comparison. 
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The  parallel  operation  of  all  types  of  machine  under  con- 
sideration can  be  accomplished  successfully  under  normal  con- 
ditions. Under  certain  abnormal  conditions,  however,  either 
type  of  synchronous  apparatus  is  more  sensitive  than  the  in- 
duction motor-generator. 

In  starting  characteristics,  Mr.  Lincoln's  analysis  places  the 
induction  motor-generator  set  at  the  head  of  the  list,  the  syn- 
chronous converter  second,  and  the  synchronous  motor-generator 
last.     The  reasons  for  this  rating  appear  sufficiently  obvious. 

In  his  summary,  Mr.  Lincoln  concludes  that  as  the  synchronous 
converter  excels  in  his  analysis  in  counts  1,  4,  and  5  and  is 
practically  at  par  with  the  best  in  count  7,  there  would  seem  to  be 
**  but  few  cases  where  the  motor-generator  should  be  used  in 
preference  to  the  synchronous  converter."  From  my  rating  of 
the  characteristics  of  the  types  considered,  it  appears  that  in 
counts  1,  2,  3,  6  and  7  a  form  of  motor-generator  is  inherently 
superior  to  the  converter,  while  only  in  counts  4  and  5  does 
the  converter  take  unconditionally  the  first  place.  But  counts 
4  and  5  are  usually  factors  of  prime  importance  in  the  choice 
of  apparatus,  and  the  characteristics  required  by  the  other  counts 
are  possessed  in  sufficient  degree  by  the  converter.  The  con- 
clusion is  undoubtedly  true,  then,  that  but  comparatively  few 
cases  exist  where  it  should  not  be  used.  In  fact  the  conclusion 
is  so  obvious  that  this  discussion  would  be  of  little  value,  did  it 
not,  as  it  does,  indicate  by  its  analysis  the  conditions  which  would 
determine  the  selection  of  other  apparatus  in  these  few  cases. 

Where  the  synchronous  converter  is  but  one  portion  of  an 
electrical  system  designed,  installed,  and  maintained  as  a  whole, 
for  the  particular  purpose  of  the  direct-current  supply,  the  con- 
ditions most  suitable  for  converter  operation  will  be  provided. 
The  frequency,  voltage,  regulation,  etc.  will  be  selected  with 
particular  reference  to  the  purpose  of  the  conversion,  and  the 
control  of  all  apparatus  will  be  subject  to  one  management, 
or  at  any  rate  to  a  common  interest.  In  installations  of  this  . 
character,  reliability  of  performance,  adjustment  of  voltage, 
corrective  efiFect  on  line,  etc.  will  be  maintained  within  the  limi- 
tations of  converter  characteristics  by  the  provisions  of  the  en- 
tire system,  and  the  manifest  economy  and  low  cost  of  such 
machine  will  secure  its  selection. 

On  the  other  hand,  where  the  purpose  of  the  conversion  is 
merely  incidental  to  the  general  purposes  of  the  whole  system, 
conditions  less  favorable  to  converter  characteristics  are  more 
prevalent,  and  problems  of  selection  will  arise.  In  such  cases, 
independence  of  purpose  of  demand  and  supply  may  often  be 
best  served  by  the  electrical  independence  of  the  machine  utiliz- 
ing the  supply  and  that  supplying  the  demand. 

So  far  as  any  general  conclusions  may  be  drawn  from  a  discus- 
sion of  this  character,  therefore,  I  would  advance  the  proposition 
that  the  criterion  of  utility  of  either  of  the  conversion  methods 
considered  lies  ia  the  degree  of  community  which  the  purpose 
of  the  supply  bears  to  that  of  the  demand. 
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Henry  Floy  (by  letter) :  It  must  be  borne  in  mind  that  Mr. 
Lincoln's  conclusions  are  very  general  and  may  hot  apply  to  any 
particular  or  individual  case.  •  A  paper  of  this  character  is  so  fre- 
quently accepted  as  conclusive  and  universal  application  at- 
tempted, that  I  desire  to  show  how  unsuited  these  general  con- 
clusions may  be  in  some  cases.  For  example,  it  is  practically 
impossible  to  use  a  converter,  without  storage-battery,  to  supply 
satisfactory  lighting  service  at  the  end  of  a  long  transmission 
line  that  also  serves  alternating-current  motors  carrying  large  fluc- 
tuating loads,  because  the  motor  load  will  disturb  the  alter- 
nating voltage  which  directly  affects  the  direct-current  voltage. 
A  motor-generator  would  therefore  be  necessary,  regardless 
of  the  general  conclusions,  or  the  advantages  claimed  for  the 
converter.  Again,  if  the  voltage  of  the  transmission  circuit  were 
not  so  high  as  to  prohibit  the  use  of  motor-generator  sets  with- 
out step-down  transformers,  a  considerable  investment,  always 
necessary  with  a  converter  installation,  would  be  saved. 

Under  the  item  of  "  cost  "  it  seems  to  me  that  Mr.  Lincoln 
has  not  clearly  indicated  the  relative  investment  necessary, 
because  the  converter  must  be  provided  with  some  voltage- 
control  apparatus  that,  from  the  comparative  figures  given, 
do  not  seem  to  be  included  in  Mr.  Lincoln's  costs;  moreover, 
if  a  motor-generator  can  be  used  without  transformers,  the  con- 
verter installation  with  transformers  and  regulators  will  usually 
make  the  total  converter  cost  higher  than  that  of  the  motor- 
generator. 

In  a  section  where  lighting  is  troublesome,  I  believe  an  in- 
duction motor-generator  ^\ill  be  found  much  more  satisfactory 
than  a  synchronous  motor  or  a  converter,  because  the  induction 
motor  will  frequently  pick  up  its  load  again  without  the  shut- 
down of  the  other  machines  that  will  ordinarily  result  from  the 
short-circuit  caused  by  a  lightning  flash. 

I  do  not  agree  with  Mr.  Lincoln  in  regard  to  the  reliability 
of  the  different  types  of  machines,  for  although  the  converter  is 
but  a  single  unit,  it  is  twice  as  liable  to  some  causes  of  break- 
down as  either  a  motor  or  a  generator,  because  it  is  connected 
to  two  circuits — on  its  alternating  and  its  direct  end — and  would 
therefore  suffer,  for  example,  from  lightning  coming  in  through 
either  circuit. 

Clarence  E.  Gifford  (by  letter) :  It  goes  without  saying  that 
insulation  of  apparatus  operated  from  a  motor-generator  can 
not  suffer  directly  from  "  surges  "  on  the  line  from  which  power 
is  supplied  to  the  motor. 

It  is  equally  true  that  direct-current  apparatus  operated  from 
converters  often  has  its  insulation  subjected  to  very  severe 
strains  by  such  surges,  especially  surges  that  arise  from  momen- 
tary grounding  of  one  of  the  lines  of  the  supply  system. 

It  will  be  readily  seen  how  such  a  ground,  or  a  permanent  one, 
were  it  permitted  to  remain,  may,  and  generally  does  cause  a 
strain  between  the  earth  and  anv    conductor   connected  with 
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the  secondary  winding  of  a  transfonner  supplied  from  a  system 
upon  which  such  ground  occurs,  or  with  any  portion  of  a  trans- 
former or  successive  series  of  transformers  which  are  operated 
by  current  received  from  said  secondary.  And  this  condition 
does  not  necessarily  imply  any  change  in  voltage  between  the 
primary  lines,  one  of  which  is  grounded,  although  a  change 
would  doubtless  occur. 

The  surge  is  transmitted  through  a  transformer  or  series  of 
transformers  in  the  same  manner  as  through  a  condenser;  or 
in  case  of  a  ground  of  more  than  momentary  existence,  the 
entire  secondary  system  would  have  its  insulation  from  earth 
subjected  to  a  series  of  strains  recurring  With  the  same 
frequency  as  that  of  the  current.  The  primary  and  second- 
ary windings  of  a  transformer  would  in  this  case  correspond 
to  the  plates  of  a  condenser,  and  the  action  is  not  likely,  in 
most  cases,  to  be  greatly  modified  by  the  core,  unless  it  be  well 
grounded. 

Numerous  experiences  prove  that  the  strain  between  earth 
and  a  direct  current  220- volt  system  operated  from  a  converter 
receiving  power  from  a  22,000-volt  system  through  three  step- 
down  transformations,  often  rises  momentarily,  when  no  preven- 
tive measures  are  adopted,  to  thousands  of  volts,  and  at  a  season 
of  the  year  when  the  power  company  cannot  say  **  lightning." 
In  one  instance  two  direct-current  motors  grounded  at  the  same 
instant  that  the  power  company  lost  a  cable,  and  from  appear- 
ances one  not  familiar  with  such  occurrences  or  with  the  cir- 
cumstances would  certainly  have  pronounced  it  the  work  of 
lightning.  Incidentally,  it  is  interesting  to  note  the  inventive 
faculty  displayed  by  the  **  experts  "  of  some  power  companies 
in  assigning  any  cause  but  the  true  one  for  these  expensive 
occurrences. 

The  best  protection  against  such  effects  that  the  writer 
has  found,  and  it  has  proved  remarkably  satisfactory  in  a  trial 
extending  over  many  months,  is  to  place  at  various  points  in 
the  direct-current  system,  notably  near  the  converter,  near  the 
extremities  of  long  trolleys  and  near  stationary  motors,  car- 
borundum resistances  of  1000  to  1200  ohms  (for  a'  220- volt 
system)  bridged  between  the  lines  and  having  the  center  well 
grounded. 

Ordinary  resistance  rods  of  a  resistance  of  250  to  300  ohms, 
such  as  used  in  lightning  arresters  serve  well.  Each  one  may 
have  terminals  of  No.  10  or  No.  12  copper  wire  attached 
DV  winding  the  wire  once  or  twice  round  the  copper  plated 
terminal  of  the  rod,  twisting  it  down  tightly  and  soldering  it  by 
(lipping.  The  resistance  of  each,  in  ohms,  is  then  determined 
marked  upon  it  plainly  with  paint. 

They  are  then  sorted  and  made  up  in  series  of  four,  with  all 
joints  «;oldered,  in  such  manner  that  the  resistance  between  the 
center  and  one  extremity  of  any  series  does  not  differ  from  that 
between  the  center  and  the  other  extremity  of  the  same  series 
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by  more  than  two  or  three  ohms.  Any  other  style  of  leakage 
devices  used  for  the  same  purpose  must  of  course  be  practicaUy 
non-inductive,  rugged,  and  so  proportioned  that  when  a  dead 
ground  occurs  on  one  side  of  the  local  system  the  current  flowing 
through  the  device  shall  be  just  safely  below  a  point  that  would 
injure  the  device  or  its  connections. 

As  before  noted ,  the  best  protection  for  any  local  system  operated 
from  long-distance  lines,  is  likely  to  be  secured  by  distributing 
a  number  of  such  leakages  at  points  whefe  theory  and  experience 
indicate  the  greatest  need.  Unless  the  current  value  of  a  surge 
exceeds  the  ordinary,  the  potential  between  the  system  thus 
protected  and  the  earth  will  not  rise  to  a  dangerous  point. 

As  an  indication  of  this  fact,  one  plant  in  mind  required  five 
to  eight  new  lamps  per  month  for  a  ground  detector,  the  lamps 
receiving  normally  only  one-half  full  voltage,  and  this  was  not 
due  to  ordinary  grounds  on  the  system. 

Since  leakages,  as  described,  have  been  provided,  the  detector 
lamps  escape  destruction,  and  crane  operators  cease  to  fear 
being  knocked  nearly  senseless,  as  has  occurred  in  the  past, 
but  the  most  noticeable  result  is  the  great  decrease  in  number 
and  seriousness  of  motor  troubles. 

Wm.  B.  Jackson  (by  letter) :  Under  the  list  of  "  points  " 
which  are  considered  in  the  paper,  it  seems  to  me  that  the  sub- 
ject of  **  Parallel  operation  "  should  either  be  omitted  entirely 
and  considered  as  being  covered  by  the  subject  **  Reliability  \ot 
that  it  should  be  placed  second  in  the  list.  Without  perfect 
parallel  operation  "  Reliability "  as  considered  in  the  paper 
would  be  of  little  value. 

1.  Reliability.  In  this  matter  I  take  direct  issue  with  some 
of  the  statements  made  in  the  paper.  It  is  true  that  the 
the  synchronous  converter  comprises  but  one  machine,  but  it 
it  is  equally  true  that  this  machine  is  the  weakest  brother  in  the 
entire  family  of  alternating-current  and  direct-current  ma- 
chinery. It  is  formed  from  a  combination  of  a  revolving 
armature  alternating-current  synchronous  motor  which,  con- 
sidered as  an  alternator,  is  no  longer  an  acceptable  piece  of 
machinery,  and  of  a  direct-current  generator  which  has  been 
designed,  not  as  the  best  possible  direct-current  generator,  but  as 
the  best  generator  that  can  be  made  a  component  part  of  a 
synchronous  converter. 

The  argument  against  the  motor-generator  set  on  account 
of  pressure  and  insulation  would  be  more  nearly  correct  if 
reversed,  for  there  can  be  no  reason  for  using  a  higher  voltage 
on  the  alternating-current  side  of  a  motor-generator  set.  unless 
it  has  evident  advantage  over  the  lower  pressure.  Further- 
more, a  first-class  stationary  armature  induction  or  synchronous 
motor  can  be  safely  insulated  for  several  times  the  pressure 
that  can  be  employed  in  a  synchronous  converter  armature 
with  equal  safety. 
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Although,  as  stated  in  the  paper,  the  fault  of  "  buck- 
ing "  is  not  one  of  very  serious  moment  in  present  day  prac- 
tice, yet  this  fault  can  be  eliminated  with  greater  ease 
and  certainty  in  a  simply  direct-current  dynamo  than  in  one 
which  must  also  work  in  with  an  alternating-current  frequency 
of  even  25  cycles,  and  this  fact  is  emphasized  if  60  cycles  is 
considered. 

2.  Voltage  regulation,  I  am  unable  fully  to  agree  with  the 
conclusions  arrived  at  under  this  heading.  I  do  not  con- 
sider that,  **  All  methods  under  discussion  are  equal "  for 
"  automatic  change  in  voltage  with  change  in  load  "  for  the 
reason  that  the  automatic  results  that  can  be  obtained 
in  the  synchronous  converters  are  dependent  upon  various 
extraneous  conditions  while  such  results  are  obtained  in 
motor-generator  sets  with  the  same  simplicity  af.  in  any  direct- 
current  dynamo,  for  the  direct-current  side  of  the  machine, 
and  in  the  synchronous  motor-generator  set  very  effective  reg- 
ulation on  the  alternating-current  side  can  be  obtained  with 
simplicity  and  without  interaction  with  the  direct-current 
operation  of  the  machine. 

In  considering  the  **  ability  to  adjust  the  initial  voltage  "  it 
is  impossible  to  accept  the  statement  that  the  introduction  of 
an  alternating-current  booster  on  the  converter  shaft  is  a  more 
'*  logical  arrangement  so  far  as  initial  voltage  is  concerned 
than  the  motor-generator.*'  Such  an  arrangement  with  its 
regulating  rheostat  and  switches  certainly  does  not  constitute 
so  logical  an  arrangement  for  voltage  regulation  as  a  simple 
rheostat  in  the  field  of  a  direct-current  generator. 

In  considering  **  variations  in  direct-current  voltage  with 
variations  in  incoming  line  voltage  and  frequency  "  I  agree  in 
general  with  the  conclusions  arrived  at,  though  I  consider 
that  too  much  relative  importance  has  been  given  to  the  difficul- 
ties arising  from  variable  frequency.  In  most  up-to-date 
transmission  plants  where  the  "  line  voltage  is  too  high  for  a 
revolving  machine  and  must  be  transformed  before  utilizing", 
the  problem  of  maintaining  uniform  frequency  has  been  solved, 
though  this  cannot  be  said  as  regards  the  problem  of  uniform 
dclivcFed  voltage. 

Under  "  Corrective  effect  "  my  views  agree  with  those  ex- 
pressed in  the  paper,  though  it  should  be  added  that  in  the 
^ase  of  almost  all  high-tension  transmission  plants  there  is 
direct  telephone  connection  between  the  power  house  and  all 
sub-stations  containing  current- transforming  apparatus.  As 
these  sub-stations  usually  require  continual  attendance,  they 
thus  become  a  valuable  adjunct  of  the  transmission  system, 
and  especially  so  if  synchronous  motor-generator  sets  are  used 
therein. 

4.  Efficiency.  There  appears  to  be  an  error  in  computing 
the  additional  value  of  synchronous  converters  as  com- 
pared with  motor-generator  sets,  when  considered  simply  from 
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the  standpoint  of  relative  efficiency.  The  capitaUzation  of  the 
saving  due  to  the  higher  efficiency  of  the  synchronous  con- 
verter is  made  upon  a  basis  of  6  per  cent,  while  in  fact  10  per 
cent,  is  the  least  figure  that  should  be  used  in  this  con- 
nection. This  would  be  upon  the  basis  of  5  per  cent,  interest 
upon  the  money  involved  and  of  5  per  cent,  for  depreciation  or 
sinking  fund. 

There  are  some  factors  that  enter  into  this  consideration  which 
have  advantageous  bearing  upon  the  motor-generator  set,  and 
have  not  been  considered  in  the  paper.  In  sub-stations  supply- 
ing mixed  service,  uniform  step-down  transforming  apparatus 
can  frequently  be  used  for  all  classes  of  service  when  motor- 
geneiaioid  are  employed,  while  two  ratios  ot  Irnnsformation 
must  be  used  if  synchronous  converters  are  operated.  Also 
in  the  case  of  very  large  converter  units,  thr  handling  of  the 
great  quantity  of  alternating  current  at  from  350  to  450  volts 
which  is  required  is  sometimes  a  factor  of  considerable  import- 
ance. 

There  are  also  cases  where,  even  for  plants  of  the  class  here 
considered,  an  extra  set  of  transformers  must  be  provided  for 
synchronous  converters  that  would  properly  be  omitted  in  the 
case  of  motor-generator  sets.  Such  a  condition  is  presented 
where  the  high  transmission  voltage  must  be  reduced  at  the  out- 
skirts of  a  city  to  permit  of  carrying  the  current  into  the  dis- 
tributing stations  located  in  the  city. 

5.  Cost  Under  this  heading  the  same  additional  considera- 
tions that  are  presented  under  **  Efficiency  '*  should  be  taken 
into  account  to  arrive  at  a  fair  analysis  of  the  relative  import- 
ance of  synchronous  converters  and  motor-generator  sets,  when 
considered  from  a  broad  point  of  view. 

6.  Parallel  operation.  Although  it  is  true  that  troubles  from 
imperfect  paralleling  qualities  are  not  of  frequent  occurrence  in 
up-to-date  transforming  machinery,  yet  the  motor-generator 
sets  have  the  advantage.  In  fact  during  those  times  when  un- 
ending troubles  seem  to  come  upon  the  operating  superintendent 
in  a  bunch,  as  they  sometimes  do  in  the  best  regulated  plants,  the 
synchronous  converters  are  usually  the  first  to  show  signs  of  dis- 
tress, and  this  is  especially  true  in  plants  of  higher  frequencies, 
while  motor-generator  sets  are  not  so  prone  to  crankiness.  In 
motor-generator  sets,  troubles  arising  in  the  direct-current  side  of 
the  system  cannot  have  magnetic  or  electrical  effects  upon  the 
alternating-current  side,  nor  can  troubles  arising  in  the  alternat- 
ing-current side  have  such  effect  upon  the  direct-current  side. 
This  cannot  be  said  of  synchronous  converters. 

7.  Starting.  The  question  of  starting  has  been  well  pre- 
sented, but  considering  that  an  error  in  starting  is  likely 
to  cause  vital  trouble  in  the  synchronous  converter  on  ac- 
count of  its  commutator  and  collector  rings,  and  also  that 
the  revolving-field  synchronous  motor  properly  connected  to 
a  high-class  direct-current  generator  is  a  more  robust  piece 
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of  apparatus  to  withstand  synchronizing  mistakes,  it  does 
not  seem  fair  that  the  synchronous  converter  should  be  placed 
ahead  of  the  synchronous  motor-generator  set  as  regards  starting 
qualities. 

Summary,  In  the  foregoing,  I  have  more  particularly  con- 
sidered the  advantageous  qualities  of  the  motor-generator  set, 
as  it  had  seemed  to  me  that  the  advantageous  features  of  the 
synchronous  converter  have  been  very  fully  presented  in  the 
paper.  There  has  been  no  thought  of  belittling  the  field  of 
usefulness  of  the  synchronous  converter.  At  the  same  time, 
I  do  not  feel  that  the  phrase  in  the  "  Summary "  **  that 
there  are  but  few  cases  where  the  motor-generator  should  be  used 
in  preference  to  the  synchronous  converter  "  should  go  unchal- 
lenged. In  fact,  there  are  large  appropriate  fields  of  usefulness 
for  both  the  motor-generator  set  and  the  synchronous  converter^ 
though  it  is  fair  to  admit  that  the  conditions  will  doubtless 
warrant  a  greater  number  of  synchronous  converters  than  of 
motor-generator  sets  being  put  into  service. 

R.  S.  Kelsch  (by  letter) :  The  writer  has  used  both  motor- 
generators  and  synchronous  converters.  There  can  be  no 
rule  which  makes  one  better  than  the  other.  Local  con- 
ditions, class  of  service,  number  of  units,  and  the  characteristics 
or  nature  of  the  system  from  which  they  are  operated  entirely 
govern  the  advisability  of  using  one  or  the  other. 

Farley  Osgood  (by  letter) :  We  are  operating  ten  converters 
driven  by  current  from  our  power  station  and  transmitted 
about  60  miles  at  33,000  volts  at  a  frequency  of  60  cycles. 
Four  of  these  converters  are  30  miles,  three  are  45  miles,  and 
three  are  about  60  miles  from  the  power  station,  and  are  placed 
in  three  different  sub-stations,  and,  at  times,  all  operated 
together. 

These  being  60-cycle  machines,  I  presume  they  are  the  most 
sensitive  type  of  synchronous  converter  in  use.  We  find  that 
these  machines  are  very  reliable,  and,  generally  speaking,  the 
interruptions  to  service  are  caused  by  the  flashing-over  at  the 
brushes  on  the  commutator.  These  machines  have  been  in 
service  for  three  years. 

The  first  year's  experience  with  the  converters  brought  them 
into  ill  repute  as  regards  reliability;  but  a  careful  study  of  the 
situation  showed  that  the  real  difficulty  was  the  lack  of  voltage 
regulation  on  the  generating  end.  Regulation  conditions  were 
bettered  by  means  of  the  water-wheel  governors,  and  the  in- 
stallation of  a  voltage  regulator.  Since  the  correcting  of  the 
voltage  regulation,  or  during  the  last  year  and  a  half,  the  ten 
converters  have  thrown  themselves  out  of  service  less  than  ten 
times,  giving  an  average  of  better  than  once  per  year  per  con- 
verter. I  think  this  is  as  good  a  record  of  running  as  can  be 
shown  by  any  other  type  of  machine  driven  from  a  source  of 
power  of  high  voltage  and  used  for  railway  work. 

These  machines  are  430  volts  on  tlie  alternating-current  side,  * 
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and  furnish  600-volt  current  on  the  direct-current  side.  They 
are  connected  with  the  high-tension  system  of  33,000  volts  by 
means  of  a  step-down  transformer  with  a  reactance  coil  in  series 
between  the  transformer  and  converter. 

Our  experience  shows  that  converters  with  bad  voltage  regu- 
lation on  the  alternating-current  side  are  the  woj-st  things  an 
operator  can  have ;  but  with  good  voltage  regulation,  which  with 
existing  regulating  appliances  is  wholly  possible,  the  converter  is 
entirely  satisfactory  and  preferable  to  the  other  two  types  of 
machines  under  discussion. 

Our  experience  with  the  converter  also  brings  out  the  fact 
that  although  a  sudden  rise  of  10  per  cent,  of  the  voltage  from 
the  generating  source  is  liable  to  make  the  converter  flash-over, 
a  Very  great  drop  in  the  generating  voltage  may  occur  without 
affecting  the  converter. 

Three  times  we  have  had  a  generator  oil-switch  stick  so  that 
the  machine  was  thrown  in  and  out  of  service  several  times  in 
rapid  succession,  and  so  disturbed  the  line  voltage  as  to  lower 
it  on  the  indicating  voltmeter  from  110  to  about  65,  and  yet  on 
none  of  these  occasions  were  the  60-cycle  converters  thrown  out 
of  step  so  that  they  went  out. 

Concerning  the  "  Corrective  effect  ".  When  the  load  of  our 
system  is  so  arranged  that  the  power  and  lighting  load  is  carried 
on  one  transmission  line,  and  the  railway  load  on  the  other;  in 
other  words,  when  there  are  only  induction  machines  on  one  line, 
we  have  materially  to  increase  the  voltage  on  this  line  in  order  to 
bring  about  any  satisfactory  power-factor.  In  mixed  service 
work,  therefore,  the  converter  will  help  the  voltage  at  the  gener- 
ating end  by  bringing  about  a  more  satisfactory  power-factor. 
We  find  that  an  induction  load  only  will  perhaps  require  an  in- 
crease in  potential  of  from  three  to  five  per  cent,  at  the  generating 
end,  but  by  placing  converters  with  the  induction  motors  satis- 
factory results  are  obtained  on  the  receiving  end  without  this 
increase  in  potential,  This  is  simply  an  actual  operating  con- 
dition mentioned  to  bear  out  a  well-known  theoretical  supposi- 
tion. 

Concerning  "  Efficiency  ".  The  experience  on  the  system 
here,  which  carries  converters  at  three  sub-stations  at  a  total 
transmission  length  of  60  miles,  shows  that  with  the  proper 
arrangement  of  load  we  can  obtain  the  power-factor  as  indicated 
by  Mr.  Lincoln;  namely,  95  per  cent. 

Concerning  **  Parallel  operation  '\  We  find  no  difficulty  in 
operating  our  60-cycle  converters  in  parallel,  not  only  with  each 
other  in  the  same  sub-station,  but  in  parallel  with  other  con- 
verters in  other  sub-stations.  At  first  the  converters  did  not  all 
appear  to  be  of  equal  efficiency;  it  was  found,  however,  merely 
to  be  a  matter  of  adjustment,  the  large  apparent  differences  of 
efficiency  being  easily  done  away  with 

One  noticeable  feature  in  a.  converter,  which,  however,  is 
probably  a  well-known  fact,  is  that  the  different  phases  of  any 
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one  converter  will  not  require  the  same  amount  of  current,  and 
that  the  various  phase  requirements  vary. 

As  we  use  single-phase  recording  watt-hour  meters  to  measure 
the  current  taken  by  the  converters,  we  can  very  easily  observe  the 
current  requirements  of  each  phase  of  the  machine.  Often  the 
meter  will  change  its  speed  in  favor  of  another  phase  of  the  con- 
verter sufficiently  to  be  observed  by  a  man  watching  the  meter 
discs.  The  daily  record  of  consumption  taken  from  these 
meters  shows  swings  from  one  phase  to  another  from  one  day  to 
another. 

In  summing  up  these  discussions,  I  would  say  that  I  would 
not  recommend  any  type  of  machine  other  than  a  converter  for 
railway  work  from  a  high-tension  source  of  power. 

John  C.  Parker  (by  letter):  The  writer  has  been  much  in- 
terested in  the  particular  phase  of  voltage  regulation  that  bears 
on  the  distribution  of  load  between  various  machines  and  be- 
tween systems  fed  by  distant  hydroelectric  generating  stations 
on  the  alternating-current  lines  and  engine-driven  or  local  hy- 
draulic plants  on  the  direct-current  lines. 

In  any  lai^e  works  or  city  distribution,  it  is  customary  to 
generate  at  a  high  voltage,  2500  to  11,000  volts,  and  distribute 
by  means  of  this  voltage  to  various  sub-centers,  where  trans- 
formation to  either  the  railway  or  light  and  power  circuits  is 
effected.  The  motor-generator  set  possesses,  in  such  a  case,  one 
decided  advantage  over  the  more  ordinary  form  of  synchronous 
converter,  in  that  the  load  taken  on  by  any  one  station  may 
be  varied  by  manipulating  the  field  excitation  of  the  generator . 
without  influencing  the  power-factor  of  the  alternating-current 
lines,  and  vice  versa.  Thus,  during  a  period  of  maximum 
activity  in  any  one  section  of  the  distribution  system,  the  direct 
current  voltage  may  be  depressed,  causing  more  distant  sub- 
centers  to  feed  into  and  relieve  this  particular  district  by 
means  of  the  direct -current  network,  whereas  with  synchronous 
converters  the  tendency  is  for  the  converter  nearest  the  con- 
centrated load  to  assume  increasingly  greater  proportions  of 
the  load  until  its  automatic  apparatus  cuts  it  out  of  service. 
Of  course,  the  inherent  regulation  of  the  converter  can  be  made 
so  bad  as  to  give  a  strong  drooping  characteristic  even  at  a  good 
power-factor,  but  this  is  evidently  at  the  expense  of  the  copper 
efficiency  and  leads  to  voltage  variations  which  are  manifestly 
objectionable — especially  on  lighting  systems.  With  the  motor- 
generator  set,  the  load  fluctuation  can  be  guarded  against  and 
the  direct-current  voltage  regulation  at  the  same  time  kept 
reasonably  near  what  it  should  be,  by  designing  the  generator 
so  that  the  voltage  will  progressively  rise  with  increasing  loads, 
until  at  any  desired  load  point  it  begins  to  drop  and  thence 
rapidly  decrease  to  a  value  below  the  no-load  voltage,  thereby 
causing  current  to  flow  in  from  distant  transformation  points 
which  may  be  less  heavily  loaded. 

Inasmuch  as  hydraulically  generated  power  must  be  sold  on 
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what  is  in  all  cases  the  equivalent  of  a  peak-load  basis,  we 
often  find  installations  in  which  24-hour  power  is  received  from 
a  distant  hydroelectric  plant  and  is  supplemented,  on  the  peak, 
by  a  local  steam  generating  plant.  In  such  a  case  the  vagaries 
in  the  transmission  voltage  or  momentary  peaks  in  the  load 
demanded  on  the  direct-current  system  may  result  in  a  heavy 
overload  in  the  alternating-current  transmission.  A  few  of 
these  peak  overloads  will  heavily  afiEect  the  consumer's  bill. 
Here  again  the  synchronous  converter  suffers  a  disadvantage 
that  cannot  be  obviated  otherwise  than  by  juggling  with  the 
power-factor,  which  is  manifestly  prejudicial  to  the  distribution 
system.  A  motor-generator  set  having  a  slightly  rising  voltage 
characteristic  on  the  generator  up  to  normal  load,  followed  by  a 
rapid  droop,  tends  to  take  a  more  nearly  constant  load.  Such 
characteristics  are  additionally  important  when  the  voltage 
regulation  of  the  steam-driven  local  plant  is  bad. 

It  should  be  pointed  out  that  the  alternating-current  booster  or 
induction  regulator  referred  to  under  caption  two  of  Mr.  Lincoln's 
paper,  permits  the  application  of  automatic  relays  to  the  system 
for  accomplishing  such  load  control,  and  indeed  permits  a  more 
direct  regulation  of  load  than  can  be  obtained  with  motor- 
generator  sets.  On  the  other  hand,  this  introduces  additional 
elements  of  unreliability  into  the  system,  one  of  which,  the  relay, 
is  especially  delicate,  while  the  induction  regulator  must  be  very 
substantially  designed  if  it  is  to  stand  up  under  the  severe  treat- 
ment to  which  it  is  subjected.  It  is  obvious  that  neither  of  these 
methods  permits  so  nearly  instantaneous  operation  in  the  divi- 
sion of  load  as  does  a  motor-generator. 

The  elements  of  relative  efficiency  and  cost  would  seem  to 
be  a  function,  more  or  less,  of  the  specific  voltage  used  in  distri- 
buting to  the  various  transformation  units.  If,  for  example, 
it  were  necessary  to  use  such  a  subsidiary  distributing  voltage 
as  2500  or  11000  volts  for  works  distribution,  or  for  entrance  to 
and  distribution  underground  in  a  city,  the  element  of  transform- 
ing cost  would  be  eliminated  in  the  case  of  the  synchronous  or 
induction  motor-generator  which  might  operate  directly  at 
either  of  the  voltages  mentioned,  while  additional  transform- 
ing equipment  would  have  to  be  used  with  the  synchronous  con- 
verters. In  all  probability,  this  would  still  leave  somewhat  of 
a  margin  in  both  the  matter  of  efficiency  and  of  cost  in  favor  of 
the  synchronous  converter,  but  probably  not  a  very  large  margin. 
If  in  addition,  an  alternating-current  booster  or  induction  regula- 
tor were  installed,  the  efficiency  and  cost,  as  well  as  the  reliability 
of  the  converter,  would  suffer  somewhat  additionally.  The  com- 
plexity of  the  equipment  would  also  be  materially  increased. 
The  writer  is  inclined  to  feel  that  a  distributing  system  of  2500 
volts  would  show  a  worse  case  for  the  synchronous  converter 
than  would  a  distribution  voltage  of  11,000,  inasmuch  as  this 
higher  voltage  would  react  much  more  prejudicially  on  the 
cost,  efficiency,  and  reliability  of  the  synchronous  motor  than 
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it  would  on  the  transformers  which  would  probably — following 
the  modem  practice — ^be  made  oil-insulated  for  this  voltage. 

In  a  number  of  cases  a  material  advantage  accrues  to  the  motor- 
generator  set  from  the  less  room  it  occupies  as  against  the  syn- 
chronous converter,  step-down  transformer,  and — if  this  feature 
were  included — ^the  alternating  booster  or  induction  regulator. 
Whether  this  and  a  few  other  elements  mentioned  would  throw 
the  balance  one  way  or  the  other  between  the  two  t)rpes  of  ap- 
|iaratus,  would  seem  to  be  a  question  controlled  by  the  special 
considerations  in  any  given  installation,  such  as  the  size  of  units 
and  voltage  on  the  distributing  alternating-current  transmission 
system. 

H.  F.  Parshall  (by  letter) :  The  synchronous  converter  is 
the  more  advantageous  machine  to  use  when  the  conditions  of 
transmission  and  distribution  are  such  that  the  ratio  between 
direct-current  and  alternating-current  voltage  is  more  or  less 
fixed.  When  the  line  drop  is  considerable,  and  a  constant 
or  increasing  direct-current  voltage,  according  to  load,  has  to 
be  maintained,  the  synchronous  converter  is  at  a  disadvantage. 
When  however,  the  reverse  is  the  case,  the  synchronous  converter 
has  the  advantages  of  higher  efficiency,  less  first  cost,  and,  in 
favorable  cases,  greater  capacity  for  extreme  overload.  The 
motor-converter  stands  in  an  intermediate  position  between 
the  motor-generator  and  the  synchronous  converter.  It  has  not 
the  flexibility  of  the  motor-generator  in  the  matter  of  voltage 
transformation  and  has  not  the  high  efficiency  of  the  synchron- 
ous converter.  Now  that  the  development  of  computating 
machines  for  high  speeds  to  suit  the  requirements  of  turbo- 
machines,  is  assuming  a  satisfactory  status,  it  appears  very 
reasonable  to  suppose  that,  in  most  classes  of  long-distance  trans- 
mission, the  balance  of  advantages  will  lie  in  the  use  of  motor- 
generator  sets.  In  other  cases,  however,  where  the  ratio  of 
transformation  can,  from  the  nature  of  things,  remain  more 
or  less  constant,  the  balance  of  advantages  will  lie  with  the  syn- 
chronous converter,  so  far  as  efficiency  and  first  cost  are  concerned. 

A.  C.  Pratt  (by  letter):  While  Mr.  Lincoln's  analysis  of  vari- 
ous means  of  obtaining  direct  current  from  transmitted  alterna- 
ting current  is  fairly  stated,  it  must  be  borne  in  mind  that  the 
choice  of  a  proper  medium  will  depend  largely  on  the  governing 
conditions  of  the  particular  installation.  In  all  systems  re- 
liability is  essential.  While  25-cycle  converters  are  satisfactory, 
60-cycle  converters  may  be  termed  successful.  But  they  are 
not  always  a  comfort  to  the  operating  engineer  and  are  certainly 
more  apt  to  develop  internal  troubles  or  go  out  of  step  when 
slightly  unfavorable  conditions  arise,  than  are  induction  or  even 
synchronous  motor-generators. 

In  the  operation  of  converters  there  seems  good  reason  for 
providing  separate  motor-driven  exciters,  in  which  case  voltage 
fluctuations  not  accompanied  by  change  of  speed  will  have  much 
less  effect  on  the  operation. 
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In  many  long  transmission  systems  voltage  regulation  or 
corrective  effect,  singly  or  together,  are  the  governing  conditions 
when  designing  a  sub-station.  If  converters  are  used,  either 
one  of  these  features  may  be  provided  for  with  reasonable  success ; 
but  it  is  by  no  means  easy  to  cover  both  at  once  in  such  a  way 
as  not  to  affect  other  branches  of  the  system  unfavorably. 

A  poor  power-factor  in  the  transmission  system  may  readily 
cause  a  greater  drop  in  over-all  efficiency  than  the  difference 
between  the  efficiency  of  converters  and  motor-generators,  pro- 
vided the  latter  results  in  a  good  power-factor  in  the  system. 
The  ideal  system  transmits  power  current  only;  the  idle  current 
needed  at  various  consuming  points  is  generated  at  these  points; 
permitting  less  capacity  in  generators,  transformers,  and 
transmission  line,  and  better  regulation  at  the  consumer's  end. 
The  syiKihronous-motor  generator  in  large  size  units  with  a 
motor  of  unusually  ample  size  offers  means  of  attaining  closely 
the   ideal   system. 

Steadiness  of  speed  is  usually  much  better  maintained  than 
steadiness  of  voltage  on  a  transmission  system;  therefore  the 
generator  of  a  synchronous  motor-generator  set  will  regulate 
well,  and  a  first-class  regulator  applied  to  the  exciter  of  the  motor 
will  afford  the  corrective  effect  for  the  alternating  system.  Under 
these  conditions,  alternating-current  lighting  and  direct-current 
railroad  load  can  often  be  supplied  from  the  same  bus-bars 
with  excellent  results.  It  must  be  borne  in  mind  that  the  syn- 
chronous motor-generator  requires  slightly  more  intelligent 
supervision  than  induction  motor-generators,  but  not  more  than 
the  converter.  For  best  results,  therefore,  the  synchronous 
motor  should  be  used  under  immediate  supervision  of  the  trans- 
mission  company. 

Another  item  for  consideration  is  the  character  of  the  direct- 
current  load  as  regards  inertia  effects.  Some  loads,  like  Hght- 
ing,  store  no  energy,  while  some  motor-driven  loads  store  a  large 
amount  of  energy  when  coming  up  to  speed.  Assuming  a  load 
of  the  latter  type,  supplied  from  induction  motor-generators, 
and  a  momentary  short-circuit  cleared  by  time-limit  circuit- 
breakers  on  some  one  feeder  out  of  the  sub-station.  During  the 
short-circuit  the  induction  motors  will  slow  down  much  more 
than  will  the  generators  at  the  power  station.  The  sudden  re- 
moval of  the  short-circuit  will  cause  a  sudden  rise  of  voltage, 
which  in  turn  will  cause  a  rush  of  current  to  the  induction  motors; 
these,  hampered  by  large  inertia,  will  very  Hkely  trip  their 
breakers  before  attaining  normal  speed,  or  the  speed  will  have 
dropped  so  low  that  the  motor  torque  is  reduced  to  a  point 
below  full-load  torque,  in  which  case  there  is  little  probability 
of  recovering  the  load. 

Under  the  same  conditions,  if  the  short-circuit  is  not  too  severe, 
a  synchronous  motor  having  a  high  **  pull  out  "  torque  will  stay 
in  .step  and  hold  its  load.  This  observation  applies  also  with 
especial  force  to  induction  motors,  of  relatively  low  "  pull  out  " 
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characteristic  loaded  with  heavy  shafting  or  air  compressors, 
in  which  case  the  load  torque  is  riot  reduced  as  speed  is  reduced 
The  same  motors  would  show  entirely  different  results  when 
driving  centrifugal  pumps. 

Leo  Schuler  (by  letter) :  It  may  be  interesting  to  discuss  the 
subject  of  this  paper  from  the  European  point  of  view,  as  there 
is  so  distinct  a  difference  between  American  and  European  prac- 
tice. I  dare  say  that  on  this  side  of  the  Atlantic  the  number  of 
converters  in  operation  does  not  exceed  one-tenth  the  number  of 
motor-generators,  while  I  think  that  in  the  United  States  the 
opposite  ratio  may  safely  be  assumed.  As  a  matter  of  fact,  I 
do  not  consider  the  author's  conclusions,  which  are  generally 
in  favor  of  the  converter,  to  be  quite  impartial,  and  for  the  follow- 
ing reasons: 

I  see  no  reason  to  assume  "  a  somewhat  variable  frequency." 
Governors  for  all  kinds  of  prime  movers  can  certainly  be  obtained 
so  as  to  keep  the  speed  constant  within  one  or  two  per  cent,  and 
with  proper  care  variations  of  frequency  of  more  than  one  per 
cent.,  can  certainly  be  avoided.  We  may  therefore  safely  as- 
sume a  virtually  constant  frequency. 

The  author  assumes  **  the  line  voltage  to  be  too  high  for  a 
revolving  machine."  this  means  more  than  about  15,000  volts; 
as  such  voltages  are  only  employed  in  long  transmission  lines, 
it  seems  only  fair  to  assume  further  that  a  considerable  drop  of 
pressure  takes  place  on  the  line,  say  20-25  per  cent.  It  should 
be  well  understood,  that  with  a  lower  pressure  the  comparison 
would  be  more  in  favor  of  motor-generators,  as  static  transform- 
ers could  be  avoided. 

1.  Reliability.  I  do  not  understand  why  '*  with  the  motor- 
generator,  other  conditions  may  dictate  a  very  much  higher 
motor- voltage,"  as  static  transformers  are  distinctly  specified- 

It  is  true  that  under  normal  conditions  the  possibility  of 
*'  bucking  "  is  about  equal  with  25-cycle  converters  and  direct- 
current  generators.  It  must  be  kept  in  mind,  however,  that 
the  sparkless  running  of  the  commutator  in  a  generator  depends 
only  upon  the  direct  current  taken  from  it,  while  in  a  converter 
it  is  also  affected  by  the  conditions  of  the  alternating-current 
system.  The  60-cycle,  600- volt  converter  has  necessarily  such 
a  high  pressure  between  adjacent  commutator  segments  that 
it  must  be  set  quite  at  the  other  end  of  the  reliability  list. 

As  I  consider  the  synchronous-motor  to  be  a  little  more 
reliable  than  the  induction-motor,  in  consequence  of  larger 
air-gap,  I  should  figure  the  reliability  to  be  about  as  follows: 

25-cycle   sjiichronous  converter  )  i  o   u 
Synchronous  motor-generator      j  ours. 

Induction    motor-generator  14  hours. 

60-cycle  synchronous   converter  25  hours. 

2.  Voltage  regulation.  There  can  be  no  doubt  but  that  the  direct- 
current  voltage  supplied  by  a  motor-generator  depends  only 
upon  the  direct  current  taken  from  it,  while  in  the  case  of  a  con. 
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verter  it  is  greatly  affected  by  the  alternating-current  voltage. 

It  must  certainly  be  assumed  that  the  alternating-current 
voltage  supplied  to  a  sub-station  by  a  long  transmission  line  is 
variable,  not  only  in  consequence  of  the  variable  power  consumed 
in  this  individual  sub-station,  but  it  also  affected  by  other  sub- 
stations, starting  of  motors,  worlcing  of  lightning-arresters  etc.  in 
any  other  point  of  the  system.  As  the  effect  of  all  compound- 
ing arrangements,  with  or  without  reactance  or  boosters,  is 
based  on  the  magnetizing  effect  of  the  direct  current  taken  from 
the  converter,  they  certainly  will  not  respond  to  independent 
fluctuations  of  the  alternating-current  voltage.  It  is  therefore 
impossible  with  converters  to  obtain  automatically  a  constant 
direct-current  voltage  with  a  variable  alternating-current  voltage ; 
this  reason  alone,  I  think,  simply  forbids  the  use  of  converters 
for  lighting  purposes  in  connection'  with  long  transmission 
lines. 

Summary.  As  the  converter  has  certainly  a  distinct  advan- 
tage with  regard  to  efficiency  and  costs,  while  there  is  practically 
no  difference  w4th  regard  to  starting,  I  would  summarize  as 
follows: 

For  25-cycles,  railway  or  other  motor  circuits,  converters  are 
always  preferable.  For  60-cycles,  motor-generators  are  more 
reliable  and  should  be  adopted  if  costs  and  efficiency  are  not 
prohibitive,  especially  if  the  primary  pressure  is  low  enough 
to  allow  omission,  of  static  transformers. 

For  lighting  circuits,  converters  are  applicable  only  if  the 
alternating  voltage  itself  is  sufficiently  constant  for  lighting 
purposes. 

Call  Schwartz  (by  letter) :  General.  Synchronous  converters 
are  extensively  used  where  three-phase  alternating  current  of 
high  potential  and  a  frequency  of  25  cycles  is  to  be  transformed 
into  direct  current.  For  the  other  higher  standard  frequency 
of  60  cycles,  this  type  of  machine  is  not  nearly  so  satisfactory  in 
operation  as  a  motor-generator.  As  reliability  is  of  prime 
importance,  particularly  in  long-distance  transmission,  and  as 
a  synchronous  or  induction  motor-generator  is  much  more  reli- 
able, the  converter  does  not  need  to  be  further  considered  in 
case  of  this  or  similar  high  frequency. 

Mr.  Lincoln  clearly  and  briefly  enumerates  the  various  ad- 
vantages and  disadvantages  of  the  three  types,  but  on  ac- 
count of  the  great  amount  of  detail  to  be  considered  it  is  im- 
possible to  balance  the  characteristics  of  the  different  construc- 
tions entirely  against  each  other  without  taking  specific  cases; 
therefore  the  choice  of  one  type  or  the  other  will  always  be 
governed  by  the  prevailing  conditions.  If  this  were  not  the 
case,  the  choice  could  be  left  to  the  purchasing  agent  instead 
of   to   the   engineer. 

The  following  suggestions  are  offered  to  illustrate  that  a  some- 
what different  point  of  view  may  change  some  features  of  one  type 
to  the  advantage  of  the  other. 
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Reliability.  Mr.  Lincoln  considers  the  converter  the  most 
reliable  machine,  quoting  as  an  advantage  that  there  is  only  one 
machine  instead  of  two,  and  that  a  low  alternating  current 
voltage  has  to  be  applied.  As  it  is  assumed  that  in  both  cases 
step-down  transformers  are  to  be  used,  there  seems  to  be  no 
reason  for  applying  an  unsafely  high  voltage  in  case  of  a  motor- 
generator;  in  this  respect,  then,  both  types  should  be  considered 
equal,  inasmuch  as  the  voltage  for  a  motor-generator  could  be 
much  higher  than  for  the  converter,  without  impairing  its  safety 
beyond  the  comparable  limit.  The  chances  of  a  breakdown 
may  seem  twice  as  great,  because  the  motor-generator  contains 
two  rotors  and  two  stators,  while  a  converter  has  only  one 
armature,  and  one  set  of  field  coils.  The  machines  are,  however, 
practically  alike  otherwise,  assuming  that  the  motor-generator 
has  two  bearings  only.  If  the  case  warrants,  spare  armatures 
and  field  coils  can  be  kept  in  stock,  minimizing  the  consequences 
of  a  break-down. 

An  induction  motor  is  less  affected  by  line  troubles  than  either 
of  the  other  two  constructions ;  on  a  long  line  this  motor  is  most 
undesirable,  and  in  figuring  on  this  type  of  machine,  the  increased 
investment  in  copper  or  capitalized  line  losses  should  be  charged 
against  it. 

Voltage  regulation.  With  reference  to  voltage  regulation,  the 
converter  is  at  a  serious  disadvantage.  Boosters,  potential 
regulators,  or  other  devices  in  connection  with  the  converter 
are  undesirable  additions,  and  influence  items  1,  4  and  5,  and, 
to  a  certain  extent,  item  3,  in  favor  of  the  motor-generator. 
These  complications  were  apparently  not  taken  into  account 
when  comparing  the  machines  in  regard  tor  eliability,  efficiency, 
and  cost.  The  efficiency  of  the  converter  will  be  decreased 
by  from  one  or  two  per  cent.,  and  its  cost  increased  by  from  ten 
to  twenty  per  cent.,  so  in  trying  to  make  the  converter  equal  to 
a  motor-generator  in  regard  to  voltage  regulation,  its  advantages 
may  be  counterbalanced  to  a  large  extent. 

Efficiency.  In  considering  the  additional  costs  of  current 
for  the  motor-generator  against  converter,  inclusive  of  the 
regulator,  and  assuming  an  efficiency  of  85%  and  91%  respec- 
tively, the  following  is  submitted: 

A  low  efficiency  increases  the  direct  operating  expenses  ii? 
coal,  water,  wages,  etc.,  but  not  the  fixed  charges,  as  the  power 
station  ^-ill  hardly  be  built  larger  on  account  of  a  slightly  lower 
efficiency  of  transforming-devices.  The  cost  of  current  per 
kilowatt-hour  can  therefore  be  estimated  perhaps  closer  to  one- 
half  than  one  cent.,  decreasing  the  annual  additional  costs  for 
current  in  case  of  the  motor-generator  to  about  $950.  In 
capitalizing  this  amount,  depreciation  and  other  fixed  charges 
should  be  included,  for  the  reason  that  if  the  amount  capitalized 
is  invested  in  equipment  it  will  have  to  be  treated  like  other 
portions  of  the  system. 

Using  10%  to  cover  all  fixed  charges,  the  annual  extra  costs 
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for  current  represent  an  investment  of  $9500,  or  $19.00  per 
kilowatt  capacity.  The  exact  amount  will  depend  on  local  and 
other  conditions,  and  the  difference  may  be  still  lower;  for 
instance,  in  case  of  a  water-power  plant,  or  if  the  operating 
costs  should  otherwise  be  lower  than  five  cents. 

In  most  instances  it  will  be  almost  impossible  for  the  engi- 
neer to  decide  definitely  which  type  of  machine  should  be 
selected,  before  bids  have  been  obtained,  based  upon  specifica- 
tions, outlining  carefully  all  requirements,  and  leaving  room  for 
the  manufacturer  to  specify  the  characteristics  of  the  equipment 
he  is  able  to  offer. 

Guide  Semenza  (by  letter) :  The  only  point  not  put  forward 
in  this  paper  is,  perhaps,  the  one  excluded  by  the  assumption 
**  that  the  line- voltage  is  too  high  for  a  revolving  machine  and 
must  be  transformed  before  utilizing.''  This  is  often  not  the  case, 
at  least  in  Europe,  where  synchronous  motors  wound  for  12,000 
volts  are  in  regular  operation.  Some  firms  would  not  hesitate 
to  construct  them  for  still  higher  voltages. 

In  such  cases  the  cost  of  installation,  the  floor  space  occupied, 
the  switching  apparatus,  and  the  efficiency  of  the  motor- 
generator  set  are  not  very  different  from  those  of  a  converter  with 
its  transformers.  Thus  for  primary  voltages  up  to  8000  volts, 
in  view  of  its  other  advantages,  the  motor-generator  is  gen- 
erally preferred. 

In  Europe  the  use  of  converters  is  not  so  general  as  in  the 
United  States.  This  machine  has  been  highly  perfected  in 
America,  and  its  advantages  have  been  only  lately  acknowledged 
on  the  old  continent.  Then  again,  for  countries  where  hydraulic 
power  is  available,  and  long-distance  transmission  is  the  rule, 
there  are  special  reasons  for  the  preference  being  given  to 
motor-generators,  as  I  shall  try  to  explain. 

In  the  matter  of  power  transmission  and  distribution  many 
differences  exist  between  one  plant  and  another.  We  have, 
for  instance,  power  plants  of  the  type  of  the  New  York  Edison 
Company's,  in  which  the  alternating  current  generated  is  mainly 
converted  to  direct  current  in  a  number  of  sub-stations  belonging 
to  the  same  company.  The  alternating  voltage  is  then  very 
carefully  controled  in  the  power  house,  in  order  to  obtain  the 
best  direct-current  regulation,  and  all  systems  used  in  the  dif- 
ferent sub-stations  to  control  the  voltage  are  there  working  in  the 
best  condition. 

Assume,  for  example,  a  long-distance  power  transmission,  say 
100  miles  long,  from  a  waterfall.  Consider  that  the  power  is 
sold  in  the  neighborhood  of  the  station,  at  the  end  of  the  line, 
and  along  the  line.  Suppose  further,  that  there  is  a  steam 
station  working  in  parallel  for  overcoming  the  winter  peak.  We 
see  that  these  conditions  are  quite  different  from  those  of  the 
first  instance,  and  voltage  regulation  cannot  be  done  except 
tQ  take  care  of  the  converter  sub-stations. 

In  such  a  type  of  plant,  rather  common  in  Europe,  converters 
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can  be  put  in  for  railway  work,  but  it  would  not  be  very  easy 
to  obtain  a  good  direct-current  lighting  service.  In  such  cases 
motor-generators  are  preferred. 

In  plants  of  the  above  kind,  the  **  corrective  effect*'  of  syn- 
chronous machinery,  if  any  be  used,  is  very  important  in  order 
to  correct  the  low  power-factor  given  by  induction  motors. 
What  Mr.  Lincoln  says  on  this  point  is  quite  right:  it  is  much 
easier  to  control  the  corrective  effect  with  synchronous  motors 
than  with  converters  in  which  the  corrective  effect  and  direct 
current  are  interdependent.  I  would  let  customers  use  syn- 
chronous motors,  and  I  would  not  allow  them  to  use  converters 
on  a  somewhat  complicated  distribution  plant,  as  they  would  only 
take  care  of  their  direct-current  regulation  without  paying  any 
attention  to  the  power-factor. 

Another  matter  in  connection  with  long-distance  trans- 
mission is  the  parallel  running.  It  is  well  known  that  when  the 
ohmic  resistance  of  the  line  is  too  high,  also  good  synchronous 
machines  are  apt  to  hunt  and  sometimes  to  such  a  degree  as  to 
get  out  of  step.  This  is  an  extreme  condition,  but  a  certain 
amount  of  hunting  may  easily  occur. 

It  is  also  known  that  by  adjusting  the  excitation  this  hunting 
may  be  reduced.  It  is  evident  that  in  these  conditions  the 
motor-generator  offers  a  great  advantage,  as  this  regulation 
can  be  done  without  affecting  the  direct  voltage. 

All  these  considerations  show  that  the  problem  proposed 
cannot  be  solved  in  a  general  way:  there  are  conditions  in  which 
the  converter  is,  no  doubt,  the  best  adapted  machine;  there  are 
others  in  which  only  a  motor-generator  ought  to  be  used,  and  others 
also  in  which  the  use  of  either  is  equally  as  good. 

On  the  comparison  of  synchronous  versus  induction  motors. 
I  must  say  that  for  driving-current  dynamos  the  synchronous 
motor  is.  in  a  general  way,  for  many  reasons  preferable.  It 
is  not  always  true  that  after  a  momentary  removal  of  the  volt- 
age from  its  terminals  the  induction  motor  will  resume  operation 
automatically :  if  it  is  well  loaded  it  will  often  shut  down  and 
cause  its  own  circuit -breaker  to  open  when  the  voltage  is  re- 
stored. 

The  use  of  induction  motors  has  to  be  resorted  to  only  in  case 
starting  from  the  direct-current  side  is  not  possible.  When 
starting  on  the  alternating-current  side  causes  too  much 
trouble,  and  in  the  case  of  very  long  transmission  lines  where 
some  difficulties  are  experienced  with  parallel  running. 

B.  C.  Shipman  (by  letter) :  Reliability.  If  reliability  were 
the  sole  requirement  of  the  problem,  the  induction  motor- 
generator  would,  in  my  opinion,  be  the  best  transforming  ap- 
paratus to  use.  Mr.  Lincoln  states  no  defects  under  this  head 
against  the  induction  motor-generator,  except  that  higher 
voltages  than  700  on  the  motor  may  be  required  by  certain 
conditions.  If  the  choice  were  between  synchronous  converters 
and  induction  motor-generators   on   the   ground   of  reliability 
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alone,  certainly  whatever  voltage  was  available  for  a  synchron- 
ous converter  would  also  be  available  for  the  induction  motor- 
generator.  Therefore  there  would  be  no  advantage  on  this 
point  for  either  piece  of  apparatus.  Of  course  it  might  be 
much  more  desirable  to  use  a  higher  voltage,  and  the  induction 
motor-generator  would  lend  itself  readily  to  this  co/idition. 
Even  so,  I  think  the  latter  apparatus  would  still  be  on  a  par 
with  the  synchronous  converter,  as  it  is  much  more  easily  in- 
sulated and  less  susceptible  to  injury  than  a  commutating  ma- 
chine. 

The  strong  point  of  the  induction  motor-generator  is  pointed 
out  in  the  paper;  namely,  automatic  resumption  of  operation 
after  an  interruption  to  the  service.  All  the  weak  points  of 
the  synchronous  converter,  however,  are  not  covered.  Syn- 
chronizing takes  more  or  less  time,  certainly  more  than  it  takes 
to  get  an  induction  motor  on  the  Hne,  and  it  has  to  be  done 
more  frequently.  "Bucking"  of  a  synchronous  converter 
also  takes  place  more  frequently  than  of  a  similar  direct-current 
generator,  for  several  reasons  aside  from  the  sudden  removal 
of  load.  **  Pumping",  or  even  sudden  aperiodic  changes  of 
speed  in  the  prime  movers,  will  cause  a  synchronous  converter 
to  **buck".  In  such  cases  there  is  a  shifting  of  the  field  similar 
to  that  caused  by  the  sudden  removal  of  load.  A  synchronous 
converter,  is  also  more  often  reversed  by  bucking  than  is  a  direct- 
current  generator ;  hence  its  greater  tendency  to  bucking  counts 
considerably  against  its  reliability  as  compared  with  a  similar 
direct-current  machine.  Therefore  I  would  change  the  num- 
bers given  in  Mr.  Lincoln's  paper  showing  the  relative  amounts 
of  time  the  respective  machines  are  out  of  service,  as  follows: 

Induction  motor-generator 10 

25-cycle  synchronous  converter. 14 

Synchronous  motor-generator 17 

Voltage  regulation  and  corrective  effect.  I  concur  in  all  the 
author's  remarks  under  these  heads.  I  have  noted  excellent 
regulation  of  direct-current  voltage  from  a  synchronous  con- 
verter equipped  with  an  induction  regulator,  when  supplied 
from  generators  whose  other  load  was  street  railways. 

Parallel  operation.  Of  course  with  similar  units,  parallel 
operation  presents  no  difficulties  or  disadvantages  of  [one  type 
over  another.  Sometimes,  however,  if  a  synchronous  converter 
or  a  synchronous  motor-generator  is  operated  in  parallel  with 
an  induction  motor-generator,  there  is  trouble  in  making  the 
units  divide  the  load  properly  throughout  the  full  range.  As- 
suming a  constant  frequency  and  voltage,  the  induction  motor- 
generator  will  have  to  be  compounded  decidedly  more  than  the 
direct-current  end  of  either  synchronous  unit.  A  variable  fre- 
quency or  voltage,  or  both,  will  interfere  with  any  fixed  adjust- 
ment, so  that  under  the  conditions  laid  down  in  the  paper 
under  discussion,  hand  regulation  would  probably  l^  necessary 
to  effect  good  distribution  of  load  between  units. 
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Sufnmary.  In. general,  I  agree  with  the  author  that  in  the 
majority  of  cases  with  conditions  under  discussion,  the  syn- 
chronous converter  has  the  advantage. 

Miles  Walker  (by  letter) :  I  am  interested  in  Mr.  Lincoln's 
paper  on  account  of  the  discussion  which  has  recently  taken 
place  in  England  between  the  advocates  of  the  converter  on  the 
one  hand,  and  the  advocates  of  the  motor-generator  and  the 
cascade  motor-converter  on  the  other. 

It  is  mainly  in  the  case  of  50-cycle  and  40  cycle-transmissions 
that  difference  of  opinion  exists  as  to  the  merits  of  the  various 
types  of  machines.  In  the  case  of  25-cycle  transmission  the 
superiority  of  the  converter  for  most  purposes  is  generally  ad- 
mitted. 

The  Bruce  Peebles-La  Cour  cascade  motor-converter  is  now 
much  used  in  England  for  transforming  50-cycle  alternating 
power  into  direct-current  power.  On  the  other  hand,  the  50- 
cycle  converter  is  also  widely  used,  and  the  excellent  perform- 
ance and  great  stability  of  modem  designs  are  fast  overcoming 
the  prejudice  which  existed  in  England  against  high-frequency 
synchronous  converters. 

In  most  cases  where  the  matter  is  discussed  in  England,  it 
is  not  permissible  to  assume  that  the  line  voltage  is  too  high 
for  a  revolving  machine  and  must  be  transformed  before  utiliz- 
ing, because  generally  the  line  voltage  is  only  6,600  or  11,000, 
and  with  motor-generators  the  use  of  transformers  is  obviated. 
Notwithstanding  this  advantage  in  favor  of  motor-generators 
and  motor  converters,  it  can  generally  be  shown  that  the  use 
of  transformers  and  converters  is  preferable  on  account  both 
of  reliability  and  economy. 

Reliability.  The  risk  of  breakdown  of  a  converter  and  its 
transformers  is  less  than  that  of  a  motor-generator  set.  If 
one  transformer  out  of  three  breaks  down,  it  is  possible  to  run 
with  only  two,  and  it  is  easy  to  substitute  a  spare  transformer. 
It  takes  along  time  to  rewind  a  motor-converter. 

I  have  seen  a  50-cycle  converter  take  six  times  full-load 
current  momentarily  without  '*  bucking  "  or  getting  out  of  step, 
so  it  cannot  be  said  that  it  is  a  delicate  machine.  It  will  not, 
however,  stand  a  dead  short-circuit. 

I  know  of  a  case  where  three  1000-kw.  40-cycle  converters 
have  been  installed  for  electrolytic  work  where  continuity  of 
service  is  of  vital  importance,  because  in  case  of  a  shutdown 
some  hundreds  of  cells  of  molten  electrolyte  have  to  be  refilled 
from  a  furnace  at  enormous  cost.  The  plant  has  now  been  in* 
operation  six  months  without  any  failure  on  the  part  of  the  con- 
verters, although  some  motor-generators  alongside  of  them 
have  already  been  out  of  service  more  than  the  17  hours  al- 
lotted to  them  by  Mr.  Lincoln. 

Voltage  regulation.  I  agree  with  what  Mr.  Lincoln  says  in  this 
division  of  the  subject.  The  method  of  introducing  self-induc- 
tion into  the  transformers  is  applicable  to  most  cases  where  a 
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range  of  only  10%  is  required  in  the  adjustment  of  the  direct 
voltage.  The  power-factor  on  load  need  not  be  varied 
more  than  between  the  limits  of  95%  lagging  and  95%  leading 
current.  In  many  cases  the  required  adjustment  is  only  5% 
and  the  power-factor  need  not  depart  more  than  one  or  two  per 
cent  from  unity.  Very  few  users  object  to  a  leading  power- 
factor,  particularly  at  heavy  loads. 

Corrective  effect.  I  agree  with  what  Mr.  Lincoln  says  in  this 
division  of  the  subject. 

Efficiency.  In  dealing  with  this  matter  in  England,  we  have 
generally  to  consider  the  losses  in  the  transformers  as  well  as  in 
the  converters,  because  these  are  in  competition  with  cascade 
motor-converter  sets  on  which  very  high  efficiencies  are  guaran- 
teed (93%  on  the  500-kw.  size). 

The  converter  and  transformers  are  however  still  ahead  in 
efficiency.  It  is  safe  to  guarantee  94%  on  the  500-kw.,  500- volt 
rating  for  the  over-all  efficiency  of  the  converter  and  trans- 
formers and  this  without  rating  up  the  converter  so  high  as  to 
spoil   the   overload   guarantees. 

A  well-designed  50-cycle  converter  can  take  very  heavy  over- 
loads without  commutation  or  heating  troubles.  It  is  there- 
fore safe  to  keep  it  loaded  to  the  full  in  cases  where  it  would 
not  be  advisable  to  keep  motor-generators  fully  loaded  on  ac- 
count of  fear  of  sudden  demands  for  power,  so  that  in  taking 
the  all-day  efficiency  of  a  converter,  it  is  fair  to  take  the  efficiency 
at  a  higher  percentage  of  the  load  than  with  a  motor-generator. 
Here  is  a  case  in  point:  at  a  certain  sub-station  belong- 
ing to  the  North  Eastern  Railway  Company  the  load  fluctuates 
between  almost  zero  and  1600  kw.  A  load  of  1200  to  1600  kw. 
lasts  at  times  for  about  one  minute.  The  whole  of  this  load  is 
taken  by  one  800-kw.,  40-cycle  converter.  Compare  the  ef- 
ficiency of  this  sub-station  with  what  it  would  be  if  the  converter 
were  replaced  by,  say,  two  500-kw.  motor-generators. 

J.  B.  Whitehead  (by  letter) :  Under  the  author's  assumption 
that  transformers  are  used  with  all  three  types  of  machine,  his 
conclusions  appear  reasonable.  Attention  may  be  directed, 
however,  to  the  many  instances  of  moderate  transmission  dis- 
tance and  voltage  in  which  it  is  possible  to  apply  the  line  volt- 
age directly  to  either  type  of  motor-generator,  but  to  the  con- 
verter only  through  the  medium  of  transformers.  The  relative 
position  of  the  motor-generator  under  such  circumstances  is 
bettered,  not  only  as  to  reliability,  but  also  as  to  efficiency  and 
cost.  Considering  reliability,  this  improvement  would  be  greater 
in  the  case  of  overhead  than  in  the  underground  transmission  in 
cities.  The  figure  for  the  efficiency  of  transformer  and  converter 
becomes  about  91%,  the  figures  for  the  motor-generators 
remaining  the  same.  The  relative  cost  will  now  be  approxi- 
mately: converter,  and  transformers  82%,  motor-generators 
100%.  In  many  instances  these  differences  may  be  sufficient 
to  outweigh  the  more  general  choice  of  the  converter,  and  in- 
dicate the  motor-generator  as  the  proper  machine. 
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INTRODUCTION  TO  DISCUSSION  ON  THE  PRACTIC- 
ABILITY OF  LARGE  GENERATORS  WOUND  FOR 
22,000  VOLTS 


BY  B.  A.  BEHREND 


With  the  increased  capacity  of  individual  units  of  alternating- 
current  generators  it  is  natural  that  the  potential  for  which 
these  generators  are  wound  should  be  continually  increased. 
It  commends  itself  to  limit  the  current  capacity  of  generators, 
as  the  distribution  and  conduction  of  large  currents  from  the 
generators  to  the  switchboards  is  cumbersome  and  expensive. 
Historically,  the  increase  in  voltage  with  the  increased  capacity 
of  individual  units  and  of  power  plants  may  be  briefly  suui- 
marized.  The  Niagara  generators  of  approximately  3500  kw. 
capacity,  put  into  operation  about  ten  years  ago,  were  de- 
signed for  2200  volts.  The  3500  kw.  generators  of  the  Met- 
ropolitan Street  Railway  Company,  of  New  York,  were  designed 
for  6600  volts.  The  5000-kw.  generators  installed  in  the  sta- 
tions of  the  Interborough  Rapid  Transit  Company,  in  New 
York,  were  designed  for  11,000  volts.  The  large  generators 
for  the  Brooklyn  Rapid  Transit  Company,  of  7500  kw.,  were 
designed  for  11,000  volts  also. 

The  question  of  the  importance  of  higher  voltages  in  future 
plants  cannot  be  discussed  without  reference  to  prime  movers. 
The  four  types  of  prime  mover  which  are  likely  to  be  of  great 
importance  in  the  immediate  future  are: 

1.  The  hydraulic  turbine. 

2.  The  gas  engine. 

3.  The  reciprocating  steam  engine. 

4.  The  steam  turbine. 
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1.  The  field  of  the  hydraulic  turbine  for  large  capacities, 
by  which  I  mean  capacities  of  7500  kw.  or  above  in  individual 
units,  is  not  likely  to  be  of  great  importance  at  the  present. 

2.  The  gas  engine  has  been  successfully  built  for  capacities 
up  to  2000  kw.  and  while  it  has  unquestionably  a  great  future 
for  greater  capacities,  nothing  as  yet  has  been  done  to  allow 
the  application  of  the  gas  engine  in  connection  with  electric 
generators  of  7500  kw.  or  above. 

3.  The  reciprocating   steam  engine   still   holds   its  own   for 
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Fig.  1 — Comparison  of  losses  in  high-voltage  and  loss-voltage  generators. 

small  capacities,  but  for  the  capacities  which  we  are  here  con- 
sidering it  has  been  superseded  by  the  steam  turbine. 

4.  The  steam  turbine  in  its  present  condition  is  pre-eminently 
adapted  to  large  individual  capacities.  I  should  consider  a 
steam  turbine  of  7500  kw.  a  comparatively  small  unit,  and  I 
am  firmly  of  the  conviction  that  steam  turbines  of  10  000  kw. 
or  15,000  kw.,  and  even  of  25,000  kw.  will,  before  long,  be  de- 
veloped and  put  into  successful  operation. 

In  thus  looking  to  the  steam  turbine  as  the  prime  mover 
for  generators  of  large  capacity,  we  have  limited  our  sphere 
of  inquiry   to   generators   of   large   capacity   and   high   speed* 
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namely,  conditions  as  best  fitted  for  the  operation  of  steam 
turbines.  The  question  of  high  voltage  in  generators  of  small 
capacity  and  driven  by  other  prime  movers  than  the  steam 
turbine  will  be  referred  to  in  the  concluding  paragraph. 

Steam-Turbine  Generators  for  Large  Capacity,  7600  kw. 
TO  15,000  Kwi  and  Above 

The  difficulties  encountered  in  winding  generators  for  poten- 
tials of  20,000  volts  or  25,000  volts  are  primarily  mechanical 
difficulties.  A  coil  containing  a  large  number  of  small  wires 
does  not  make  a  very  mechanical  piece  of  work.  It  would, 
therefore,  appear  to  me  desirable  for  the  reasons  here  mentioned 
and  some  others,  that  the  individual  coils  should  consist  of  as 
few  conductors  as  possible  and  that  these  conductors  should  be 
of  such  size  as  to  enable  the  makinp;  of  mechanically  and  elec- 
trically strong  coils.  Let  us  take  a  concrete  example.  A  cer- 
tain 7500  kw.  turbo-generator  wound  for  11,000  volts  and 
operating  at  750  rev.  per  min.  at  25  cycles,  has  six  conductors 
per  slot.  A  7500  kw.  generator  wound  for  22,000  volts,  if  de- 
signed along  similar  lines,  would  have  twelve  conductors  per 
slot.  Increasing  the  capacity  of  the  generator  from  7500  kw. 
to  15,000  kw.  would  enable  the  generator  to  be  designed  with 
six  conductors  per  slot,  and  the  difficulty  produced  by  the 
higher  voltage  would  be  that  of  insulating  the  cpils  for  the 
higher  potential  against  ground,  and  against  one  another. 

The  insulation  of  the  coils  against  ground  is  easier  to  obtain 
than  against  one  another.  The  question  of  insulating  the 
coils  from  one  another  is  particularly  difficult  in  turbo-generators 
on  account  of  the  crammed  conditions  of  the  winding  space, 
but  at  the  present  state  of  the  art  it  is  possible  to  obtain  the 
necessary  insulation  for  22,000  volts,  although  this  can  be 
done  only  with  considerable  expense.  As  soon  as  there  will  be 
a  demand  for  large  units  wound  for  22.000  volts,  this  demand 
will  be  met  by  machines  carefully  designed  for  these  conditions. 

The  question  of  reliability  of  service  is  closely  allied  to  that 
of  quick  repairs.  It  will  be  urged  that  not  only  is  the  danger 
of  the  breakdown  of  a  22,000-volt  generator  greater  than  that 
of  a  11, 000- volt  generator,  but  also  the  repairs,  consequent 
upon  a  breakdown,  will  be  more  difficult  to  make  on  the  22.000- 
volt  generator.  While  this  statement  is  perfectly  true,  a  plan 
can  readily  be  devised  so  as  completely  to  defeat  this  argument. 
In  a  large  power  house  in  which  a  number  of  units  of  large 
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capacity  of  the  steam-turbine  type  are  installed,  the  only 
rational  way  to  make  quick  and  satisfactory  repairs  consists 
in  the  carrying  of  spare  parts.  It  will  commend  itself  to  the 
operators  of  power  stations  to  carry  a  spare  revolving  field  for 
one  of  these  units  and  a  complete  set  of  spare  armature  coils. 
It  must  be  insisted  upon  that  the  armature  coils  of  these  high- 
potential  generators  can  readily  be  replaced,  and,  unless  the 


90000 

\ 

EQU  >TIQ 

N  AT 

1001  PO>A  ER  F 

(kCTG 

R-=4 

11 

^ 

H 

1^ 

0^ 

REGULATION  AND  SATURATION 

rvPCAHii  THREE  PHASI 
160  KW.  23000  VOLr^  MO  REV.  PER  MIN.    K  CVCLU        Q 

/ 

if 

X 

X 



'^ifflOO 

/ 

/■ 

y/ 

'a 

t/' 

/ 

/I 

/ 

lAIUUU 

A 

[A 

y 

r 

e 

i 

9 

/ 

§ 

% 

/ 

// 

i 

r 

IIMMO 

/ 

V 

7 

^ 

r^ 

/ 

/ 

7 

.  r 

^ 

t^^^ 

/ 

r 
J 

7 

fff 

^ 

1 

/ 

/ 

/ 

^ 

^ 

I 

> 

I 

A 

^ 

n 

7 

!«>  ;»  80  40  50  a' 

AMPERES  EXCITATION 

Fig.  2 — Regulation  curves  of  a  22,000- volt  gaterator. 


machines  are  designed  to  permit  this,  it  would  be  necessary 
c\'en  to  carry  a  spare  stator  completely  wound,  which  would 
be  almost  equivalent  to  having  a  spare  unit  in  the  power  house. 

Economy   Obtained   by  the    Use  of    Generators    Wound 
Directly  for  20,000  Volts 

The  chief  ijains  obtained  by  windin.ef  generators  of  large  ca- 
pacity directly  for  the  high  potential  required  for  distribution 
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consist  in  the  simplification  of  the  power  plant  and,  probably, 
in  a  slightly  reduced  first  cost.  The  question  of  reduced  cost 
should  certainly  be  considered  a  very  minor  factor,  as  reli- 
ability of  service  should  be  the  criterion  either  in  favor  of,  or 
against,  the  adoption  of  generators  wound  directly  for  high 
potential.  Calculations  of  relative  cost  are  here  omitted  on 
that  account. 
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AMPERES  ARMATURE  AT  .'2000  VOLT^,  SYNCHRONOUS    MOTOR  LOAD 

Fig.  3 — Heating  of  armature  coils. 


Generators,  Regardless  op  Size,  for  20,000  Volts 

For  the  sake  of  ascertaining  the  feasibility  of  insulating  coils 
for  25,000  volts,  the  writer  has  had  in  operation  a  150-kw. 
generator  wound  for  25,000  volts,  60  cycles,  600  rev.  per  min. 
This  generator  has  been  in  operation  for  months,  operating  day 
and  night  under  full  load.  Regulation  curves  and  other  data 
are  illustrated  in  the  accompanying  diagrams.  There  is  no 
doubt  that  there  may  be  a  limited  field  for  units  of  small  ca- 
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pacity  wound  for  potentials  above  11,000  volts,  and  the  object 
of  this  paper  is  to  call  to  the  attention  of  the  engineering  pro- 
fession the  feasibility  of  generators  of  as  small  capacity  as 
160  kw.,  being  wound  for  as  high  a  potential  as  25,000  volts. 
That  the  regulation,  the  heating,  and  the  efficiency  of  this  ma- 
chine are  very  satisfactory  is  amply  shown  by  the  curves  accom- 
panying this  paper.  Should  such  machines  be  used  in  the 
future,  it  must  always  be  insisted  upon  that  the  exchange  of 
coils  can  readily  be  effected.     In  the  150-kw.  generator  referred 


KiG.  4.— A  22,000- volt,   150-kw.  generator. 

to  in  this  paper,  it  has  so  far  not  been  necessary  to  replace  any 
of  the  coils  on  account  of  defective  insulation. 

Summary 

Where  individual  units  of  very  large  capacity  are  installed 
in  power  plants,  a  potential  of  20.000  volts  is  feasible,  and  it 
is  to  be  recommended  in  units  of  10»000  kw.  capacity  and  above. 

Where  individual  units  of  small  capacity  are  needed  for  a 
potential  of  20,000  volts,  the  conditions  can  be  met  in  most 
cases,  even  down  to  capacities  of  150  kw. 
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Discussion  on  '*  The  Practicability  of  Large  Generators 
Wound  for  22,000  Volts,"  at  New  York,  March  22, 1907. 

B.  A.  Behrend:  I  stated  that  hydraulic  turbines  for  large 
capacity,  of  7500  kw.  or  above  in  individual  units,  are  not 
likely  to  be  of  great  importance  at  the  present.  The  extensions 
at  Niagara  Falls  may  contain  such  large  individual  units;  I 
hardly  think  that  for  the  Victoria  Falls  of  the  Zambesi,  units  of 
7500  kw.  will  be  installed.  Our  chairman,  Mr.  Mershon,  will 
probably  bear  me  out  when  I  say  that  the  units  for  Victoria 
Falls  will  be  about  five  thousand  kilowatts.  In  all  these  cases 
the  line  potential  will  be  high,  and,  therefore,  the  generators 
will  not  have  to  be  wound  for  very  high  potentials.  I  believe, 
therefore,  that  my  statement,  that  water-wheels  need  not 
seriously  be  considered  as  prime  movers  for  large  generators 
wound  for  high  potential,  is  correct. 

Let  us  take  for  example  the  system  of  the  Interborough  Rapid 
Transit  Company  of  New  York,  in  which  generators  wound  for 
11,000  volts  are  used;  if  the  capacity  of  this  system  were  larger 
and  the  area  of  distribution  greater,  22,000  volts  would  have 
been  seriously  considered  as  the  potential  of  the  generators, 
rather  than  install  units  of  6600  volts  or  1 1,000  volts  transforming 
from  this  voltage  to  22,000  volts.  It  must  be  distinctly  under- 
stood that  the  potential  of  the  generators  is  altogether  dependent 
upon  the  conditions  of  the  system  of  distribution. 

I  agree  with  Mr.  Lincoln  that  reliability  is  more  important 
than  cost.  To  be  able  to  keep  a  plant  going  is,  in  my  opinion, 
the  most  important  thing  from  the  standpoint  of  the  manufactur- 
ing and  operating  engineers.  I  want  to  call  attention  to  the 
fact  that  repairs  on  high-speed  generators  are  more  difficult  to 
make  than  on  low-speed  generators,  as  the  coils  are  larger. and 
more  difficult  to  handle.  This  relates  especially  to  turbo- 
generators and  it  forms,  therefore,  another  weighty  consideration 
against  the  use  of  high  voltage  in  turbo-generators.  Small 
hydraulically  operated  power  plants  in  which  600  or  800  kilo- 
watts are  generated,  will  be  simpler  if  no  oil-filled  transformers 
have  to  be  used.  As  these  plants  are  sometimes  located  in  the 
mountains,  this  may  be  an  advantage  in  certain  cases.  These 
generators  are  usually  easy  to  repair,  whereas  repairs  on  oil- 
filled  transformers  take  considerable  time.  Few  power  plants, 
therefore,  care  to  depend  upon  repairs  of  transformers,  but  prefer 
to  use  a  spare  transformer.  The  1 50-kw.  generator  which  has  been 
referred  to  in  this  paper  was  wound  in  two  days,  including  the 
making  of  all  connections.  In  Fig.  1  of  this  paper  there  are 
shown  two  efficiency  curves,  the  one  marked  **>!''  referring  to 
a  150-kw.,  2200-volt,  600-rev.  per  min.,  60-cycle,  three-phase 
generator,  and  the  other  marked  *'  B  "  referring  to  a  150-kw., 
22,000-volt,  600-rev.  per  min.  60-cycle,  three-phase  generator. 
I  have  also  plotted  a  curve  which  represents  the  difference  in 
losses  between  **  A  "  and  **  B  ".     This  loss  corresponds  to  the 
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loss  in  transformers  used  in  connection  with  the  2200-volt 
generator,  therefore,  the  efficiency  of  the  high- voltage  generator 
would  be  approximately  equal  to  the  efficiency  of  the  low- 
voltage  generator  with  the  transformers.  As  far  as  I  can  see, 
the  efficiencies  are  nearly  the  same  in  both  cases.  In  Fig.  2 
there  will  be  found  the  regulation  curves  of  the  22,000-volt 
generator,  showing  a  regulation  of  4  per  cent,  at  a  power-factor 
of  100  per  cent.  The  temperature  rise  of  the  armature  coils 
at  3.6  amperes  is  16  or  17  degrees  by  resistance,  and  only  10 
degrees  by  thermometer.  I  want  to  call  particular  attention  to 
the  difference  in  temperatures  between  the  outside  of  the  coil  and 
the  inside,  so  that,  the  temperature  rise  on  the  inside  being,  for 
instance,  60  degrees,  the  temperature  on  the  outside  might  be 
only  30  degrees. 

C.  E.  Skinner:  The  feasibility  of  using  generators  of  20,000 
to  25,000  volts  has  been  of  very  great  interest  to  me  for  a  number 
of  years.  In  my  opinion  there  are  three  main  factors  which 
must  be  considered  in  any  discussion  involving  the  use  of  these 
higher  voltages  directly  on  the  generator:  I.  cost  of  installation; 
2,  reliability  of  service;  3,  performance  of  plant. 

Cost  of  installation.  I  do  not  agree  with  Mr.  Behrend  that 
the  question  of  cost  can  be  left  out  of  the  discussion.  I  put  the 
question  of  cost  of  first  importance.  Generators  of  20,000  volts 
and  above  would  hardly  be  considered  at  all  for  use  in  trans- 
mitting directly  without  the  use  of  transformers  unless  there  were 
some  gain  in  cost.  The  decreased  cost  of  such  an  installation 
of  generators  where  20,000  to  25,000  voHss  are  tised  results  from 
the  omission  of  transformers,  and  some  switchboard  apparatus, 
and  the  requirement  of  less  space  for  installation.  Generators 
for  a  given  output  will  be  larger  for  the  higher  voltages,  more 
lightning  protection  will  be  needed,  and,  according  to  Mr. 
Behrend's  figures,  a  larger  amount  of  money  will  be  tied  up  in 
spare  parts,  particularly  with  relatively  small  plants.  It  is 
difficult,  if  not  impossible,  to  make  a  general  statement  as  to  the 
relative  cost  of  the  two  systems,  as  much  depends  on  the  size 
of  units,  the  amount  of  power  to  be  delivered,  and  the  general 
requirements  for  handling  the  system.  Without  having  made 
actual  calculations,  I  believe  that  there  are  many  cases  where 
the  cost  of  installation  would  be  equal,  if  not  greater,  with  high- 
voltage  generators  than  with  low-voltage  generators  and  trans- 
formers where  sufficient  margin  is  allowed  in  spaces  to  insure  the 
same  reliability  of  service. 

Assuming  a  plant  of  10,000  kw.  total,  with  generating  units 
of  10,000  kw.,  the  capacity  of  machinery  installed  would  have 
to  be  double  the  output  on  account  of  requiring  spare  parts.  If 
units  of  5000  kw.  are  used,  50%  must  be  added  to  the  equip- 
ment. If  the  same  plant  is  equipped  with  low- voltage  generators 
and  step-up  transformers,  it  is  my  opinion  that  no  spare 
generator  would  be  required.  If  but  one  unit  is  used  with  three 
transformers  in  delta,  it  will  be  impossible,  in  case    one  trans- 
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lormer  breaks  down,  to  operate  without  additional  trans- 
formers— using  two  transformers  in  V.  If  the  transformers  are 
star-connected,  one-third  additional  capacity'  in  transformers 
would  be  required  if  a  spare  transformer  is  carried.  Many  plants 
operate  year  in  and  year  out  without  spare  transformers,  and 
with  much  higher  voltages  than  it  is  possible  at  the  present  time 
to  use  directly  on  the  generators. 

The  constructional  difficulties  of  high-voltage  machines  are 
much  greater  than  with  low- voltage  machines  and  transformers. 
In  a  unit  of  any  given  size  the  number  of  conductors  increases 
approximately  in  proportion  to  the  voltage,  and  the  cross-section 
of  the  conductor  decreases  inversely  as  the  voltage.  Armature 
coils  are  therefore  mechanically  much  weaker,  and,  where  the 
coil-throw  is  long — as  in  low-frequency  machines,  particularly 
low-frequency  turbo-generators — the  question  of  coil  supports 
becomes  more  difficult  as  the  voltage  is  increased. 

Static  and  lightning  troubles  increase  as  the  voltage  increases; 
consequently,  even  for  the  same  number  of  volts  per  turn,  the 
insulation  between  turns  must  be  greater  with  the  higher 
voltages.  The  outer  insulation  increases  approximately  in 
proportion  to  the  voltage.  As  a  result  the  copper  space  in  a 
given  size  of  slot  rapidly,  decreases  and  will  eventually  disappear. 
Very  large  slots  are  therefore  necessary,  and,  to  further  the 
economy  of  insulation,  the  coils  must  be  reduced  to  the  lowest 
possible  number. 

Reliability  of  service.  Jligh-voltage  machines  are  necessarily 
more  subject  to  break  down  from  all  causes  than  are  low- voltage 
generators;  they  are  also  harder  to  protect  from  lightning  dis- 
charges of  the  same  voltage.  Repairs  for  the  average  machine 
are  more  difficult  to  make  than  for  the  average  transformer  of 
the  same  voltage.  This  feature  has,  no  doubt,  influenced  Mr. 
Behrend  in  making  the  statement  that  it  is  necessary  to  carry 
complete  spare  parts  for  high-voltage  generators. 

The  question  of  lightning  protection  is  of  great  importance  in 
any  transmission  system,  and  I  believe  the  concensus  of  opinion 
among  experienced  engineers  is  that  a  generating  station  consist- 
ing of  low-voltage  generators  with  step-up  transformers  will  be 
far  easier  to  protect  than  a  similar  station  using  high-voltage 
generators,  assuming  the  generator  voltage  to  be  between  20,000 
and  30,000  volts.  I  have  recently  visited  two  stations  using 
generating  voltages  between  20,000  and  30,000.  The  first  has 
been  in  operation  for  some  time,  delivering  power  to  the  Valtellina 
Railway  near  Lecco,  Italy.  The  generators  are  20,000-volt, 
3-phase,  15-cycle,  direct  connected  to  water  wheels.  That  the 
lightning  problem  is  a  serious  one  at  this  station  is  proved  by 
the  fact  that  even  though  a  large  variety  of  lightning-arresters 
is  inst£tlled,  on  several  occasions  the  burning  out  of  a  generator 
has  resulted  from  lightning  discharges.  At  the  time  of  my 
visit,  additional  types  of  lightning-arresters  were  in  the  station 
ready  for  installation  in  the  hope  that  they  would  give  relief  from 
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this  difficulty.  The  second  station  referred  to  was  not  in  opera- 
tion; this  is  the  Subiaco-Rome  transmission,  the  generators 
being  water-driven  and  the  generating  voltage  28,000.  The 
whole  installation  including  generators,  switchboard,  etc.,  is 
beautifully  simple,  but  it  remains  to  be  seen  whether  this  sim- 
plicity will  exist  after  one  or  two  seasons  of  operation. 

Performance  of  plant.  As  before  stated,  high-voltage  genera- 
tors necessarily  require  open  slots,  the  slots  must  be  larger  than 
those  for  low- voltage  generators ;  and  for  economy  of  insulation 
the  minimum  number  of  coils  must  be  used.  This  results  in 
relatively  high  iron-losses  and  relatively  poor  regulation.  At 
the  present  time  there  seems  to  be  very  little  demand  for  20,000- 
to  25,000-volt  apparatus,  except  as  additions  to  plants  built 
soma  years  ago. 

Mr.  Behrend  says  that  steam  turbines  of  10,000  to  15,000  kw. 
and  even  25,000  kw.  will  soon  be  developed  and  put  into  success- 
ful operation.  There  are  already  in  operation  a  number  of  units 
which,  while  not  rated  at  10,000  kw.  are,  virtually  of  this  capa- 
city, and  there  are  under  construction  steam-turbine  units  of 
10,000  kw.,  with  an  overload  guarantee.  From  11,000-  to 
13,200- volt  generators  are  in  successful  operation  in  this  country; 
and  one  plant,  the  Los  Angeles  Edison  Company,  has  been 
operating  7500-k^'.,  16,500- volt  generators  for  some  time. 

I  agree  with  Mr.  Behrend  that  generators  wound  for  voltages 
of  from  20,000  to  25,000  are  entirely  feasible  and  that  as  soon  as 
there  is  any  real  demand  for  such  machines  they  can  be  success- 
fully made.  As  before  stated,  it  is  chiefly  a  matter  of  cost,  and 
it  is  also  a  question  whether  or  not  they  are  worth  while.  It  is 
well  known  that  a  well-distributed  winding  gives  better  results 
both  as  to  the  performance  of  the  generator  itself  and  of  other 
apparatus  on  the  circuit,  especially  synchronous  apparatus. 
The  high-voltage  generator  plant  is  therefore  at  some  disadvant- 
age as  compared  with  the  low-voltage  generator,  step-up  trans- 
former plant  in  this  regard.  If  large  amounts  of  power  are  to 
be  transmitted  some  distance,  there  will  be  used  voltages 
higher  than  it  is  possible  to  use  on  generators  at  the  present  time. 
If  for  transmitting  relatively  small  amounts  of  power  within 
distances  which  can  be  reached  by  20,000-volt  transmission, 
the  individual  case  must  be  considered.  The  cheapest  outfit 
that  will  give  equal  reliability  of  service  will,  without  doubt, 
be  selected  in  every  case.  The  use  of  such  transmission  plants 
would  be  limited  to  districts  where  large  amounts  of  power  are 
to  be  transmitted  comparatively  short  distances;  for  instance, 
for  railway  service  in  large  cities  such  as  the  present  system  in- 
stalled in  New  York  City,  this  being  at  the  present  time  11,000 
volts.  Increasing  this  voltage  of  11,000  to  25,000,  involves 
the  subject  of  cables,  etc.,  and  requires  very  careful  working 
out  in  order  to  determine  whether  or  not  there  would  be  real 
economy  in  the  increased  voltage.  For  transmitting  smaller 
amounts  of  power  to  greater  distances,  it  is  my  opinion  that 
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the  most  popular  method  for  some  time  to  come  will  be  the  low- 
voltage  generator  with  step-up  transformers. 

In  regard  to  possible  size  of  steam  turbines,  I  think  that  units 
of  25,000  kw.  are  even  now  within  reach.  The  steamships 
Lusitania  and  Moritania,  now  building  on  the  river  Clyde,  will 
have  steam  turbines  as  their  motive  power,  the  turbine  units  to 
be  something  like  30,000  h.p.  If  such  machines  can  be  built 
for  steamship  service,  they  are,  of  course,  available  for  the 
driving  of  electric  generators,  and  generators  of  this  capacity 
will  without  doubt  be  developed  commercially  as  soon  as  there 
is  a  real  need  for  them. 

W.  S.  Murray:  In  matters  of  this  kind  cost  must  ever  enter 
as  an  important  factor.  Though  it  may  be  possible,  by  a  com- 
bination of  the  generators  and  transformers,  to  equip  a  generat- 
ing plant  for  the  same  money  as  that  required  to  pay  for  genera- 
tors without  transformers,  yet  it  seems  to  me  that  such  a  com- 
bination should  not  be  considered  until  necessity  makes  its 
development  imperative.  Also,  there  is  no  doubt  but  that  in 
creating  high  voltages  in  a  generating  apparatus,  the  active 
conductors  of  which  are  limited  to  a  few  coils,  there  is  also  created 
very  poor  regulation.  High-voltage  apparatus  will  therefore 
drive  the  designer  from  well-distributed  windings  to  coil-wound 
armatures. 

I  wish  to  support  Mr.  Skinner's  statement  in  regard  to  the 
protection  of  the  station  by  means  of  transformers.  If  there  are 
great  transmission  distances,  naturally  the  voltage  has  to  be 
increased,  and  tmder  these  conditions  there  is  no  better  lightning 
protection  than  well-designed  step-up  transformers. 

Though  Mr.  Behrend  contends  that  the  repairs  on  transformers 
are  rather  difficult  to  make,  still  it  should  not  be  forgotten  that 
the  cost  of  equipping  a  step-up  station  with  spare  transformers 
is  much  less  than  that  of  equipping  a  station  with  spare  genera- 
tors. 

My  conception  of  a  well-designed  high-voltage  power  house — 
by  high  voltage  I  mean  20,000  volts  or  more — is  that  of  a  fort> 
the  ramparts  of  which  are  the  transformers;  they  take  most  of 
the  hard  blows.  It  is  not  necessary  to  compare  the  damage  by 
lightning  in  a  plant  having  transformers  between  the  generator 
and  the  line  with  a  plant  that  is  not  equipped  in  this  way. 

In  view  of  the  fact  that  the  generator-transformer  combination 
affords  better  lightning  protection,  I  admit  that  I  shall  remain 
heartily  in  favor  of  step-up  apparatus  until  a  real  case  is  made 
out  for  high-voltage  machines. 

A.  H.  £nnsttong:  The  design  of  any  type  of  apparatus  must 
be  governed  by  commercial  demands.  Generating  and  trans- 
mitting systems  may  be  divided  into  two  broad  classes;  those 
centering  in  and  about  large  cities  and  operating  at  from  6,000 
to  11,000  volts,  and  those  having  an  unlimited  area  of  dis- 
tribution calling  for  potentials  of  33,000  volts,  44,000  volts,  or 
higher. 
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Mr.  Behrend  would  have  us  believe  that  the  choice  of  trans- 
mission potentials  is  dictated  by  the  limitations  of  generator 
design  and  that  the  installation  of  5,000  and  10,000  units  offers 
the  opportunity  for  higher  generator  potentials,  and  hence 
permits  the  adoption  of  higher  distributing  potentials  in  and 
about  cities.  I  cannot  take  this  view  of  the  matter,  as  the 
potential  of  city  distributing  systems  is  limited  by  other  con- 
siderations than  those  of  machine  design.  To  substantiate  this 
statement  I  would  point  out  that  the  generators  with  highest 
voltages  are  not  the  large  units  used  in  city  generating  stations 
but  the  smaller  units  used  in  interurban  railway  and  general 
power  distribution  systems.  The  manufacturers  are  perfectly 
willing  and  able  to  build  generators  for  higher  potentials  than 
11,000  volts,  but  the  fact  that  low  potentials  are  still  adhered 
to  in  city  distributing  systems  bears  out  my  statement  that  the 
potential  of  such  a  system  is  dictated  by  questions  of  reliability 
of  cable  distribution  and  the  general  needs  of  the  distributing 
system  rather  than  by  any  inability  or  unwillingness  of  manu- 
facturers to  construct  machines  for  15,000  or  20,000  volts. 

While  generators  may  be  wound  for  15,000  to  20,000  volts, 
these  potentials  fall  far  short  of  the  requirements  of  a  general 
distributing  system  outside  of  large  cities.  The  history  of  such 
distributing  systems  indicates  a  tendency  towards  large -genera- 
ting stations  feeding  over  considerable  areas  at  the  highest  practi- 
cable potential ;  and  the  potentials  required  are  so  much  in  excess 
of  what  can  be  accomplished  in  generator  design  that  it  would 
seem,  considering  the  transmission  problem  broadly,  that  the 
low-potential  generator  used  in  connection  with  step-up  trans- 
formers must  continue  to  be  considered  the  best  engineering. 

Furthermore,  both  railway  and  general  transmission  systems 
are  constantly  expanding  over  increased  areas,  and  the  history 
of  such  systems  has  been  to  call  for  a  much  higher  potential  than 
that  adopted  in  the  original  installation.  The  flexibility  pro- 
vided by  low-voltage  generators  and  step-up  transformers  takes 
care  of  the  needs  of  the  expanding  system,  while  it  is  very  proba- 
ble that  a  high-voltage  generator  wound  for  the  original  trans- 
mission potential  would  ultimately  be  used  in  connection  with 
step-up  transformers. 

W.  L.  Waters:  The  best  answer  to  an  inquiry  as  to  the 
practicability  of  large  alternators  wound  for  20,000  volts  is  that 
such  alternators  have  already  been  built  and  arc  in  operation. 
I  would  modify  somewhat  the  history  of  high-voltage  alternators 
from  that  given  by  Mr.  Behrend.  The  first  high-voltage  alter- 
nators were  the  10,000-volt,  1000-kw.  Deptford  alternators 
built  by  Ferranti  in  1889.  Then  in  1897  came  the  15,000- volt, 
ISOO-kw.  Pademo  alternators  built  by  Brown  Boveri,  and  then 
in  1900  came  the  20,000-volt,  1050-kw.  alternators  built  by 
Schuckert  for  the  Valtellina  line. 

The  practicability  of  building  high-voltage  alternators  de- 
pends entirely  on  the  nature  of  the  workmanship  put  into  theqa. 
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The  design  of  such  alternators  is  similar  to  that  of  6600-volt 
alternators;  the  only  point  for  the  designer  to  take  care  of  is  to 
make  the  work  on  the  armature  winding  as  easy  as  possible 
for  the  shop.  After  this  is  done,  it  is  altogether  a  question  of 
careful  and  skilful  work  in  the  armature -winding  department. 
The  larger  the  output  of  the  alternator  the  easier  it  is  to  make 
a  satisfactory  high- voltage  armature  coil,  as  the  conductors  per 
slot  are  fewer  and  they  are  of  larger  section  and  consequently 
more  rigid.  It  is  only  with  alternators  of  small  ampere  capacity 
that  serious  difficulties  arise. 

Mr.  Behrend  mentions  a  150-kw.  22,000- volt  alternator  which 
has  been  in  operation  for  sometime.  Mr.  Behrend  is  not  par- 
ticularly specific  as  to  the  conditions  of  load  under  which  this 
machine  has  been  operated.  As  far  as  can  be  seen  from  the 
paper,  this  machine  was  operated  under  a  steady  synchronous 
motor  load.  This  is  not  nearly  so  severe  a  test  as  that  where 
an  alternator  is  continually  subjected  to  sudden  variations  in 
load,  heating  and  cooling,  being  taken  off  and  thrown  on  the 
line,  and  possibly  short-circuits.  It  is-  quite  possible  that  Mr. 
Behrend  would  have  a  different  experience  with  that  alternator 
if  it  were  operated  in  some  small  power  station  on  a  high- 
voltage  line. 

Breakdowns  of  the  insulation  to  ground  or  between  phases 
rarely  happens.  On  high-voltage  alternators,  breakdowns  vir- 
tually always  start  as  short-circuits  between  the  individual 
turns  of  a  coil.  In  regard  to  their  liability  to  such  short-circuits 
between  conductors  in  the  same  coil,  it  is  my  experience  that  there 
is  very  little  difference  between  6000-volt  alternators  and  those 
of  higher  voltage.  These  short-circuits  are  apparently  caused 
partly  by  sudden  surges  on  the  line,  and  partly  by  the  gradual 
deterioration  of  the  insulation  due  to  the  vibration  of  the  in- 
dividual conductors  in  the  coil.  This  gives  as  a  first  requisite 
of  a  high-voltage  alternator,  that  it  must  have  the  insulation 
on  each  conductor  as  good  and  as  permanent  and  as  strong  me- 
chanically as  possible,  and  that  the  conductors  must  be  held 
perfectly  rigid  both  in  the  slot  and  outside.  This  practically 
means  the  abandonment  of  the  scheme  of  threading  the  con- 
ductors through  a  closed  insulating  tube.  Though  this  con- 
struction has  been  standard  in  Europe  for  high-voltage  work, 
and  has  been  used  to  a  certain  extent  in  this  country,  I  think 
we  shall  find  that  it  will  gradually  be  abandoned  in  favor  of  the 
form-wound  and  subsequently  insulated  coil  for  all  high- 
voltage  work.  It  is  almost  impossible  to  make  a  perfect  high- 
voltage  coil  out  of  small  wires,  such  as  would  be  used  on  a  150-kw. 
22,000-volt  machine,  as  such  a  coil  could  not  very  well  be  made 
sufficiently  rigid  to  last  any  length  of  time.  For  this  reason  I 
think  that  about  30  amperes  is  the  minimum  current  capacity 
for  which  high-voltage  alternators  can  be  constructed ;  with  very 
careful  shop  work,  30-ampere  alternators  can  be  constructed 
up  to  30,000  volts.     With  steam-turbine  alternators  there  are 
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liable  to  be  extra  difficulties  on  account  of  crowded  space  avail- 
able for  the  end-connections,  but  this  crowded  space  is  chiefly 
due  to  the  demand  for  small  floor  space  for  these  alternators, 
and  extra  space  will  probably  have  to  be  allowed  for  25,000-volt 
machines.  If  this  were  done,  there  would  be  no  more  diffi- 
culty with  a  steam-turbine  alternator  than  with  any  other 
alternator  of  like  capacity. 

The  demand  for  such  high-voltage  alternators  would  practi- 
cally be  limited  to  systems  operating  with  20,000-volt  lines. 
If  such  a  system  were  of  comparatively  small  capacity  and 
operating  on  overhead  lines,  20,000-volt  generators  would  hardly 
be  desirable,  as  the  supervision  would  probably  not  be  of  the  best 
and  the  danger  of  operating  directly  on  a  overhead  line  would 
be  too  great  on  account  of  possible  lightning  troubles,  so  that 
probably  in  this  case  the  usual  system  of  a  low- voltage  generator 
with  transformers  would  be  used.  For  large  city  power  system 
work,  there  would  be  undoubtedly  a  certain  demand  for  such 
generators,  especially  as  20,000-volt  cables  are  now  in  use.  In 
such  a  case,  a  20-000, volt  generator  would  be  somewhat  simpler 
than  a  low-voltage  generator  and  transformers,  and  probably 
somewhat  cheaper.  If  a  demand  for  such  20,000-volt  alternators 
does  arise,  I  think  that  they  can  undoubtedly  be  manufactured 
to  operate  as  reliably  as  6000-  and  12,000- volt  machines. 

H.  G.  Stott:  Mr.  Behrend's  able  and  suggestive  paper  upon 
the  characteristics  of  high-tension  generators  raises  the  point 
for  discussion  of  whether  we  need  them  or  not.  I  believe  that 
the  ultimate  solution  of  this  matter  lies,  not  in  the  generator,  but 
in  the  question  of  how  far  we  dare  go  in  voltage  in  underground 
cables. 

With  high-tension  transmission,  oil-cooled  transformers  are 
now  invariably  installed  in  all  cases  where  the  voltage  is  above 
20,000,  as  the  advantages  to  be  gained  by  the  oil  acting  as  insu- 
lation are  now  fully  recognized  by  all. 

The  transformer  as  a  piece  of  lightning  protective  apparatus 
is  a  most  important  consideration,  as  very  few  cases  are  on  record 
of  generators  being  injured  by  lightning  when  transformers  were 
interposed  between  them  and  the  line.  If  a  transformer  were 
destroyed  by  lightning,  it  could  be  cut  out  in  a  few  minutes, 
whereas  if  a  generator  were  struck,  the  repairs  to  it  would 
cover  several  days. 

Professor  Ryan's  classical  paper,  read  before  the  Institute  two 
years  ago*,  showed  that  owing  to  the  concentration  of  electro- 
static stress  on  u  conductor,  there  was  a  limiting  diameter  of 
copper  for  each  voltage,  below  which  it  is  not  safe  to  go;  so  that 
unless  very  large  quantities  of  power  are  to  be  transmitted, 
nothing  is  gained  by  increasing  the  generator  voltage. 

The  limit  of  generator  ^^oltage  would  thus  seem  to  be 
determined  by  considerations  en.irelv  outside  of  the  machine 
itself. 

*  •'  The  Conductivity  of  the  Atmosphere  at  High  Voltages,"  by  Harris 
),  Ryan.    Transactions  A.  I.  E.  E.,  1904.     Vol.  XXIII,  p.  101. 


1907]  DISCUSSIOX  AT  XEW  YORK  365 

Percy  H.  Thomas:  The  practicability  of  22,000-volt  genera- 
tors must  evidently  depend  largely  upon  their  capacity  and 
also  upon  the  speed  and  other  features  of  the  design  which  will 
be  determined  by  the  conditions  of  the  plant.  What  can  readily 
be  done  in  generators  of  the  size  and  type  of  those  in  the  Inter- 
borough  Rapid  Transit  Company's  69th  street  power  house,  is 
hardly  practicable  in  a  small  generator  requiring  fine  wire  wind- 
ings. • 

Although  the  high-tension  generator  eliminates  transformers 
and  some  switches,  and  perhaps  switchboards,  it  has  the  dis- 
advantage in  parallel  operation  that  all  high-tension  lines  must 
be  electrically  connected;  whereas  with . low- voltage  generators 
and  step-up  transformers,  paralleling  may  be  done  on  the  low- 
tension  bus-bars,  thus  electrically  disconnecting  the  high- 
tension  circuits  from  one  another  where  found  convenient. 

The  importance  of  this  point  must  not  be  overlooked.  Further 
experience  with  large  high-tension  systems  will  probably  demon- 
strate that  a  material  increase  in  reliability  of  operation  will  be 
obtained  by  maintaining  electrically  separate  the  naturally 
separate  divisions  of  the  transmission  system.  For  example, 
where  power  is  transmitted  over  different  routes  to  the  same 
sub-station,  or  to  an  entirely  different  sub-station,  no  limitation 
of  capacity  will  result  by  paralleling  on  the  low-tension,  if  as  is 
usual  the  capacity  of  a  single  line  is  equal  to  that  of  one  or  more 
groups  of  transformers.  By  this  arrangement,  the  direct  effect 
of  lightning  discharges,  grounds,  and  short-circuits  occurring  in 
one  of  the  separate  lines  is  practically  nothing  on  the  others; 
with  the  present  frequent  paralleling  of  the  whole  system  on 
the  high-tension,  however,  each  high-tension  disturbance  of  a 
severe  character  equally  endangers  virtually  all  of  the  transmission 
system. 

A  good  example  of  the  seriousness  of  this  condition  is  the 
accident  and  shutdown  described  by  Dr.  Steinmetz  before  the 
Asheville  Convention,  in  1906.  In  this  case  a  large  electrical 
railway  plant  operating  all  its  high-tension  apparatus  from  a 
common  bus-bar  was  shut  down  for  a  considerable  length  of 
time  by  several  simultaneous  failures  of  cables  and  other  appa- 
ratus, presumably  all  resulting  from  a  single  break.  This 
system  had  high-tension  generators;  had  it  been  supplied  with 
low-potential  machines  and  step-up  transformers  and  had  each 
sub-station  been  operating  independently  on  its  high-tension 
lines,  or  had  it  been  otherwise  possible  to  obtain  this  electrical 
independence,  it  is  very  likely  that  this  breakdown  would  have 
involved  only  the  sub-station  in  which  the  original  break  occurred, 
leaving  the  road  perfectly  able  to  operate  its  entire  system.  I 
do  not  mean  to  express  the  opinion  that  under  all  conditions 
this  is  sufficient  reason  for  foregoing  all  the  advantages  of  high- 
tension  multiple  operation  or  high-tension  generators,  but 
simply  to  say  that  I  believe  this  condition  must  be  taken  into 
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account  and  that  actual  experience  with  high-tension  plants 
is  such  that  it  should  receive  considerable  weight. 

The  matter  of  insulation  must  receive  the  most  careful  atten- 
tion in  high-voltage  generators,  not  only  insulation  between 
windings  and  core  and  between  overlapping  coils  of  different 
potential,  but  between  turns  of  windings  especially  near  the 
leads.  The  concentration  of  potential  on  the  outer  turns  of  a 
transformer  connected  to  a  line  subject  to  "  static  "  is  well 
known.  This  same  condition  must,  of  course,  exist  in  a  high- 
tension  generator  connected  to  such  a  line,  and  in  most  cases 
substantial  protection  or  sufficient  insulation  between  turns  is 
much  more  difficult  to  obtain.  For  instance,  the  peculiar 
shapes  of  the  armature  coils  found  necessary  for  mechanical 
reasons,  renders  it  difficult  to  get  the  high  insulation  strength 
between  adjacent  wires  or  layers.  In  view  of  the  inductance  of 
these  coils  and  the  capacity  of  the  windings  of  the  core,  there  will 
always  be  a  strong  tendency  for  static  disturbances  to  pass  be- 
tween turns  in  such  coils.  The  chances  that  such  static  puncture 
will  result  in  a  short  circuit  supported  by  the  generator  electro- 
motive force  are  exceptionally  good.  It  is  often  said  that 
additional  insulation  may  be  used  in  the  coils  nearest  the  line 
to  meet  this  danger;  this  method  is  generally  impracticable, 
however,  since  the  increase  in  strain  upon  these  coils  is  not  of  a 
reasonable  magnitude,  say  two  or  three  times,  but  may  be  ten  or 
twenty  times  the  normal  strain.  The  conditions  rapidly  become 
more  severe  as  the  voltage  rises.  Personally,  I  believe  that 
usually  on  the  higher  voltage  machines  the  only  practicable 
solution  is  in  protective  apparatus.  As  a  matter  of  actual 
experience,  the  short-circuit  of  coils  of  high-tension  generators 
connected  t^  lines,  except  in  favorable  conditions,  such  as  are 
often  found  in  very  large  10,000  generators,  is  a  serious  handicap. 

On  the  other  hand,  it  is  usually  found  that  the  numerical 
constants,  involving  the  number  of  turns  and  exposed  surface 
of  the  coil,  are  such  that  a  choke-coil  will  be  much  more  effective 
in  protecting  a  high-tension  generator  than  it  will  in  protecting  a 
high-tension  transformer.  In  many  cases  it  is  likely  that  a  static 
interrupter  will  be  found  more  economical  in  space  and  cost  than 
an  equally  powerful  choke-coil. 

It  is  an  unfortunate  fact,  borne  out  by  examples  in  actual 
service,  that  the  short-circuiting  of  an  end-coil  in  a  high-tension 
generator  operating  on  a  transmission  line  throws  the  original 
strain,  possibly  only  slightly  reduced  in  intensity,  directly  upon 
the  second  coil,  which  will  then  often  break  down,  and  the 
third  coil  will  in  turn  be  subjected  to  similar  conditions,  etc. 
I  have  in  mind  one  case  where  such  a  discharge  passed  across 
coils  all  thi',  way  from  one  generator  lead  to  another,  the  marks 
being  traceable  in  nearly  all  the  coils.  In  many  cases  there 
were  pittings  of  the  wires  showing  the  following  of  current  sus- 
tained by  the  generator. 

I  wish  to  urge  strongly  the  importance  of  protecting  against 
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the  unusual  susceptibility  of  a  high-tension  generator  to  short- 
circuits  between  turns  of  the  end-coils,  when  subjected  to 
static  strains.  A  single  breakdown  in  a  generator  disables  the 
whole  machine,  whereas  one  of  a  group  of  three  transformers 
in  delta  may  be  spared  without  serious  inconvenience. 

Philip  Torchio:  Not  long  ago  I  happened  to  deal  with  a  large 
water-power  proposition  in  which  the  conditions  seemed  to 
warrant  the  use  of  22,000-volt  generators,  as  the  total  length 
of  the  transmission  line  was  about  15  miles,  with  a  total  capacity 
of  30,000  to  40,000  kilowatts.  Manufacturers  were  asked  to 
make  a  preliminary  study  for  machines  of  2250  kw.  25,000  volts, 
3-phase,  60-cycle,  112.6  rev.  per  min.  Under  these  specific 
conditions  it  was  found  that  the  costs  and  efficiencies  of  genera- 
tors of  different  voltages  would  be  approximately  as  follows: 

Voltage  of  Relative  Relative 

alternator  cost  efficiency 

2,300  100%  96% 

16,000  130%  96.26 

26,000  155%  94.20 

From  the  above  it  would  appear  that  as  far  as  cost  and 
efficiency  are  concerned,  there  would  be  hardly  any  difference 
between  the  low-voltage  generator  with  step-up  transformer 
and  the  25,000-volt  generator.  On  the  other  hand,  if  step-up 
transformers  are  used,  great  savings  can  be  made  in  the  copper 
and  transmission  line  by  raising  the  voltage  higher,  say.  to 
44,000  volts,  which  can  now  be  made  as  entirely  safe  to  operate 
as  the  lower  voltage,  and  probably,  in  connection  with  oil  trans- 
formers, safer  than  with  25,000-volt  generators. 

The  selection  of  generator  voltages  is  usually  determined  by 
the  conditions  of  distribution  Lighting  companies  have  usually 
been  conservative  and  seldom  exceeded  6600-9000  volts.  Elec- 
tric railroads,  on  the  other  hand,  have  adopted  11,000-13,000 
volts,  but  in  most  instances  the  extra  insulation  on  cables  has 
almost  entirely  offset  the  reduction  in  their  copper  cross-section. 
I  think,  however,  that  with  pioper  grading  of  insulation  on 
cables,  one  can  now  get  greater  economy  from  higher  voltages 
then  have  been  heretofore  realized 

Aside  from  these  considerations,  if  we  are  unhampered  by 
any  restriction,  the  problem  of  selection  of  voltage  simmers 
down  to  the  question  of  cost  of  cable  wiring  and  switch-gear 
at  the  station,  as  with  large  generating  units  the  problem  be- 
comes rather  troublesome  if  great  amounts  of  current  are  to  be 
handled  in  the  station  One  will  readily  appreciate  these 
difficulties  if  he  considers  that  a  20,000-kw.  generator  with  50 
per  cent,  overload  would  require  switches  of  about  8,000  am- 
peres' capacity  at  2,200  volts.  If,  however,  12,000  volts  are 
used.  1500-ampere  switches  can  be  substituted  with  the  over- 
all dimensions  practically  unchanged.     If  the  voltage  should  be 
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doubled  the  current  would  be  halved,  but  the  difficulties  and 
costs  would  be  greatly  increased  in  getting  the  proper  insulation 
on  cables  and  the  proper  spacing  of  the  high-tension  switch 
elements. 

Offhand,  I  would  say  that  in  large  central  stations  these  con- 
siderations would  prohibit  the  use  of  high-voltage  generators. 
The  above  applies  to  large  units. 

In  the  case  of  smaller  units  I  should  think  the  conditions  would 
not  materially  change  the  above  conclusions. 

In  connection  with  high-voltage  generators,  it  may  be  interest- 
ing to  mention  the  fact  that  Italy  was  among  the  first  to  use 
high-voltage  generators  with  their  water  power  transmission 
plants.  The  Pademo  installation  was  designed  between  1896  and 
1896,  using  2,200-h.p.  Brown  Boveri  units  wound  for  15,000 
volts.  Later  the  Valtelina  three-phase  railway  installed  three 
1,600-kw.,  22,000-volt,  3-phase,  16-cycle,  160-rev.  per  min.  Ganz 
generators,  wound  for  star  connection  and  tunnel  winding. 
This  and  other  plants  have  been  operated  for  many  years,  and 
I  believe  that  were  it  not  for  the  difficulties  of  installation  in- 
herent to  the  type  of  slot,  the  service  would  have  been  considered 
satisfactory.  With  this  type  of  winding  the  greatest  draw- 
back is  the  length  of  time  that  is  required  to  replace  a  burned  out 
coil.  The  explanation  for  the  favor  of  high-voltage  generators 
in  Italy  lies,  in  my  opinion,  in  the  fact  of  the  relatively  short 
length  of  transmission  lines  and  the  multiplicity  of  distributing 
lines,  making  desirable  the  use  of  a  moderately  high  voltage, 
which  happened  to  be  very  close  to  the  commercial  dividing 
line  between  direct-wound  generators  and  generators  with  step- 
up  transformers. 

F.  V.  Henshaw:  In  connection  with  high-voltage,  air-cooled 
transformers,  will  Mr.  Torchio  say  if  he  has  any  information  of 
any  case  of  deterioration  of  the  insulation  due  to  ozone,  or 
chemical  action  resulting  from  brush  discharge. 

Philip  Torchio:  With  a  certain  type  of  coil,  insulated  in  a 
certain  manner,  from  experience  with  moderately  high 
voltages  covering  a  great  number  of  units  operated  for  many 
years  without  breakdowns  of  any  kind  except  due  to  mechanical 
injury,  I  would  take  my  chances  with  20,000-volt  coils;  I 
would  not  bother  about  the  ozone.  With  some  other  insulation, 
I  would  not  take  chances  with  2200  volts. 

C.  F.  Scott:  I  have  just  made  some  general  calculations  to 
determine  the  field  of  application  for  generators  of  160  kw., 
wound  for  26,000  volts.  The  distance  of  transmission  will  or- 
dinarily exceed  26  miles,  as  a  less  distance  would  not  necessitate 
so  high  a  voltage.  If  No.  6  wire  be  asvsumed  as  the  smallest  con- 
'^enient  practical  line  wire,  we  will  find  that  the  cost  of  the 
transmission  line  will  approximate,  say,  $26,000.  It  is  desirable, 
therefore,  that  such  a  line  transmit  considerably  more  than  150  kw. 
in  order  that  the  cost  of  the  line  per  kilowatt  will  be  small. 
Moreover,  such  a  line  will  transmit  160  kw.  with  a  loss  of  only 
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about  one  per  cent.  Such  a  line,  therefore,  has  a  capacity  for 
transDfiitting  1,000  kw,  or  1,600  kw.»  and,  if  this  amount  of  power 
is  to  be  generated  and  transmitted,  it  will  usually  be  advan- 
tageous to  use  a  few  large  machines  instead  of  many  small  ones. 
In  other  words,  160  kw.  is  too  small  a  unit  for  the  generation  of 
power  at  26,000  volts.  The  application  of  generators  of  this  kind, 
as  has  already  been  pointed  out,  wotdd  be  quite  special. 

Paul  M.  Lincoln:  What  capacity  would  the  generator  have 
if  wound  for  2200  volts  instead  of  for  22,000  volts,  with  a  regula- 
tion of  from  say,  eight  to  ten  per  cent? 

I  agree  with  Mr.  Stott  that  the  oil  used  in  transformers  is  of 
great  advantage,  and  enhances  the  desirability  of  the  transformer 
combination  over  the  high-voltage  generator.  Oil  has  the 
property  of  automatically  healing  insulation  ruptures,  and  for 
that  reason  I  believe  that  such  a  combination  would  be  much 
freer  from  lightning  troubles  than  would  a  high-voltage  gener- 
ator. Another  thing  that  operates  against  the  high-voltage 
generator,  particularly  one  of  good  regulation,  such  as  the 
one  mentioned  in  the  paper,  is  the  liability  of  the  winding  to  bend 
on  sudden  short-circuits.  The  reasons  for  this  are  two:  first, 
on  account  of  the  turns  being  many  and  the  wire  therefore 
necessarily  thin  and  weak;  secondly,  the  good  regulation  causes 
a  much  larger  rush  of  current  on  such  a  short-circuit,  thereby 
making  the  bending  forces  the  greater. 

B.  A.  Behrend:  I  think  that  my  commentators  are  laboring 
under  the  impression  that  I  had  chosen  the  title  of  this  paper 
for  the  purpose  of  advocating  broadly  the  use  of  22,000-volt 
generators  for  all  sorts  of  purposes.  Let  me  say,  therefore, 
that  the  subject  of  this  paper  was  assigned  to  me  by  the  chair- 
man of  the  high-tension  Transmission  Committee,  who,  knowing 
perhaps  that  I  am  something  of  a  wolf  in  the  fold  and  might 
start  some  discussion,  suggested  the  title  of  this  paper. 

Mr  Skinner  is  well  known  for  his  good  work  on  insulation, 
but  I  confess  that  I  should  have  relished  Mr.  Skinner's  remarks 
better  if  he  had,  for  the  time  being,  forgotten  that  we  are  not 
connected  with  the  same  business  interests. 

Turning,  now,  to  the  technical  statements  in  Mr.  Skinner's 
remarks  I  must  say  that  I  really  concur  with  him  in  everything 
he  has  said  except  the  mode  in  which  it  was  put.  Regarding  the 
point  already  raised  by  Mr.  Mershon  and  brought  up  by  Mr. 
Skinner,  concerning  the  relative  cost  of  the  apparatus  in  question, 
Mr.  Torchio  has  cited  an  interesting  case.  Mr.  Mershon  requested 
me  to  give  a  comparison  of  prices  and,  therefore.  I  sent  an  in- 
quiry to  our  sales  department  with  the  following  result.  A 
200- kw.,  2200- volt  3-phase,  600-rev.  per  min.  generator  with 
three  76-kw.,  2200- volt  to  22.000- volt,  transformers  would  be  sold 
for  $3,849.00.  A  200-kw.,  22,000-volt.  8-phase,  600  rev.  per 
min.  generator  would  be  sold  for  $3,837.00;  the  difference  is 
only  $12.00  between  the  two  plants.  The  total  shipping  weight 
of  the  22,000-volt  generator  is  31,000  lb.,  whereas  the  shipping 
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weight  of  the  combination  of  generator  and  transfonners  is 
30,6i50  lb.  Freight  charges,  therefore,  would  not  seriously 
interfere  with  the  sale  of  these  machines  in  far-off  districts. 

Mr.  Skinner  and  other  gentlemen  have  imputed  to  me  the  state- 
ment that  the  voltage  of  the  generator  should  determine  the 
line  voltage;  what  I  did  say  was  that  it  was  the  external  con- 
ditions, the  amount  of  power  to  be  distributed,  the  area  of  dis- 
tribution, and  other  conditions  that  determine  the  line  voltage. 
If  the  line  voltage  thus  determined  happens  to  be  such  that  the 
generators  can  readily  be  wound  for  it,  the  omission  of  the  trans- 
formers may  seriously  be  considered. 

Mr  Skinner  referred  to  the  question  of  money  tied  up  in  spare 
parts.  I  can  argue  on  this  only  academically  but,  as  this  paper 
has  been  written  for  the  purpose  of  "  raising  the  dust '' — ^in  the 
laying  of  which  we  are  concerned  in  this  discussion — I  may  as 
well  raise  some  more  dust.  I  stated  that  the  carrying  of  spare 
parts  and  the  repairing  of  the  generators  was  a  comparatively 
inexpensive  and  simple  matter.  If  a  single  coil  breaks  down, 
a  repair  can  often  be  quickly  made  by  bridging  over  and  cutting 
out  the  injured  coil.  In  a  small  power  plant  the  carrying  of  a  few 
spare  coils  is  no  worse  than  the  carrying  of  a  spare  transformer. 

I  distinctly  said,  in  reading  my  paper,  that  20,000  volts  need 
not  be  used  for  distribution  in  a  city  of  the  size  of  New  York; 
the  amount  of  power  and  the  area  of  distribution  are  not  great 
enough.  The  population  of  New  York  will  have  to  be  increased 
before  20,000  volts  will  be  needed  on  our  generators!  11,000 
volts  is  perfectly  satisfactory  for  the  area  that  has  to  be  covered 
in  this  city.  At  the  present  time,  there  are  no  cities  large 
enough  in  this  country  to  justify  a  higher  potential.  But 
twenty-five  years  hence  the  population  of  New  York  will  be  at 
least  doubled,  and  then  the  problems  which  we  are  now  dis- 
cussing in  an  academic  way  will  have  become  actual  problems, 
unless  a  widely  different  system  should  be  discovered  or  in- 
vented. 

Mr.  Murray  agreed  with  Mr.  Skinner  so  thoroughly  that  I 
need  not  reply  in  detail  to  his  remarks.  But  I  want  to  say  one 
word  or  two  about  a  statement  that  he  made  three  times:  he 
called  the  22,000-volt  machine,  to  which  I  have  referred  in  my 
paper,  *'  a  very  very  poor  piece  of  regulating  apparatus  ".  So, 
then,  4  per  cent,  regulation  is  **  very  very  poor  "!  Foiu*  per  cent, 
regulation  can  not  be  got  at  all  with  transformers  and  low- 
voltage  alternators  designed  for  8  or  10  per  cent,  regulation! 

Mr.  Armstrong  said  that  '*  Mr.  Behrend  wants  us  to  believe  " 
that  generators  should  be  wound  for  22,000  volts  and  that  this 
voltage,  therefore,  should  be  used  for  distribution  and  as  line 
potential.  And  then  he  proceeded  to  show  that  this  state- 
ment, which  I  have  never  made,  is  absolutely  wrong.  I  referred, 
while  reading  my  paper,  to  the  power  plant  in  which  Mr.  Mershon 
is  interested  at  Victoria  Falls  of  the  Zambesi  River.  The 
distance  from  Victoria  Falls  to  the  South  African  mining  district 
is  about  600  or  700  miles.     The  transmission  line  will  be  operated 
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at  a  potential  of  100,000  volts  or  more,  and  it  goes  over  the  heads 
of  Kaffirs  an  i  lions,  and  one  certainly  would  not  select  generators 
of  22,000  volis  for  this  transmission  line.  I  thought  that  I  was 
speaking  to  experienced  electrical  engineers  who  were  fully 
conversant  with  all  these  conditions,  and  I  thought  that  Mr. 
Armstrong  would  hardly  be  misled  to  believe  that  the  potential 
of  the  generators  determined  the  line  potential.  But  I  also 
stated  that  the  conditions  external  to  the  power  plant  deter- 
mined the  choice  of  the  voltage  of  the  generators.  A  competent 
engineer  must  be  able  to  see  more  than  merely  the  generating 
plant ;  he  must  have  a  grasp  of  the  conditions  of  the  entire  sys- 
tem, including  the  transmission  line  and  the  conditions  of  dis- 
tribution and  utilization,  as  these  determine  the  choice  of  the  line 
voltage  and  the  voltage  of  the  generators. 

I  heartily  endorse  Mr.  Waters*  remarks.  Good  shop  work 
must  be  put  into  high-rvoltage  machines,  and  there  is  no  use  in 
denying  the  fact  that  it  is  difficult  to  obtain  thoroughly  reliable 
workmen  to  whom  such  work  can  be  safely  entrusted.  Here 
lies  one  of  the  chief  difficulties  connected  with  the  building  of 
high-potential  generators.  Mr.  Waters  is  right  that  good  work- 
manship on  high  voltage  coils  is  of  the  utmost  importance. 

Mr.  Stott's  remarks  contain  statements  which  I  should  have 
included  in  my  paper.  He  emphasized  the  fact  that  the  insula- 
tion of  the  cables  at  present  forms  one  of  the  chief  obstacles  to 
an  increase  in  the  generator  voltage  in  large  power  plants.  I 
am  completely  in  accord  with  Mr.  Stott  in  regard  to  the  great 
advantage  obtained  from  oil  used  as  an  insulator.  It  has  been 
proposed  to  use  oil  for  insulating  the  stator  of  electric  generators 
for  high  potential.  This  appears  feasible  but,  at  the  present 
time,  I  should  prefer  to  instruct  our  sales  department  to  quote 
rather  high  prices  on  such  oil-insulated  generators. 

Some  one  has  asked  about  the  wave  shape  of  the  generator 
described  in  this  paper.  I  have  not  yet  had  an  opportunity  to 
determine  the  wave  shape  by  means  of  an  oscillograph,  but  I 
hope  to  do  so  later.  The  generator  which  was  used  for  22,000 
volts  was  a  stock  machine  having  the  same  number  of  slots  as 
that  used  for  potentials  varying  from  10,000  to  15,000  volts. 
There  are  many  machines  of  this  type  and  size  in  operation  both 
as  generators  and  as  synchronous  motors,  operating  on  short 
and  long  lines,  and  there  has  never  been  the  least  trouble  with 
these  machines  and  certainly  no  trouble  due  to  wave  shape. 

It  was  stated  that  the  manufacturer  preferred  to  sell  the 
generator  and  the  transformers  rather  than  the  high-potential 
generator  by  itself.  This  point  was  also  raised  by  our  sales  de- 
partment; they  were  afraid  that  they  would  be  overrun  with 
orders  for  22,000-volt  generators,  but  I  assured  them  thev  would 
get  none. 

Mr.  Thomas  made  some  most  interesting  remarks  on  the 
subject  of  lightning  protection,  as  might  be  expected  from  this 
thoughtful  source.     I  well  remember  how  he  called    attention 


mnrenu  y€Sff%  ago.  in  his  cxcelje::!  z^z^r  bcf  :c«  this  Insthmc. 
Uj  \zjt  fa-ii  that  the  stram  nii-r^ases  betT*exi  the  cid  layers  of  a 
\nsj±'XTyez  ooti,  ai:d.  c^  ccarse,  it  does  likewise  m  the  cctls  ot 
alternatAjTS  and  sy^chrr/coas  actors.  In  the  crsamsfffrirc  ot  Mr. 
Thotnas'  paper.*  I  shoired  nsatiieiiiaticallT  asi  grathicaBv.  by 
the  txse  of  F^iwners  analysis,  this  mrrease  m  stram — and  I 
'•ast  to  say.  in  thts  cociiecticti,  that  ve  are  al^vays  careful  in 
thiC  cisalatn:;?  of  oar  cctls  to  l»k  ost  for  the  st:  esses  befeeii 
layers — I  bebeve  that  it  is  ctiite  feasih^  to  msnlate  individoai 
cor.'iuctors  in  the  coils  closest  to  the  terzunais  zn  scch  a  manner 
that  a  brealcdoira  froa  this  soarce  is  not  likely  to  occur.  Mr. 
Thomas  also  called  attenticn  to  t2ie  use  of  ch:ke-ccils  in  connec- 
tion with  li^htnir?  protection.  Mr.  Thomas  knows  a  great  deal 
more  abo-jt  lightning  protection  than  I  do,  yet  I  wish  to  state 
that  in  Switzeriand  and  noTthem  Ital}',  where  plants  located  in 
the  mountains  aie  subjected  to  considerable  danger  from  light- 
ning, insulation  of  the  frame  of  the  generator  is  resorted  to  as 
a  means  of  lightriing  protertion.  Genera  tors  and  motors  aic 
mounted  on  porcelain  insulators  and,  while  this  may  not  appear 
a  very  mechanical  construction,  it  has  proved  an  excellent  pro- 
tection against  lightning. 

Mr.  Torchio  has  stat»i  a  case  of  2,200-kw.  generators  wound 
for  22,000  volts,  on  the  one  hand,  and  wound  for  22.000  volts 
with  transformers  on  the  other,  and  he  has  remarked  that  the 
prices  which  have  been  quoted  him  by  dinerent  manufacturers 
for  these  dififerent  types  of  plant  were  almost  exactly  the  same. 
This  bears  out  the  statement  made  by  me  in  this  discussion,  that 
there  is  but  little  difference  in  the  relative  cost  of  high-voltage 
generators,  and  of  low-voltage  generators  and  transformers. 
Mr.  Torchio  has  also  called  attention  to  the  dithctilties  at  present 
o^/nnected  with  the  use  of  high-potential  cables.  I  am  in 
ih f/TfAi'/n  SLCCfjrd  with  what  he  has  said  on  this  subject. 

Mr.  Scott  has  asked  me  where  such  machines  would  be  used. 
I  have  said  in  this  discussion  that  there  are  a  number  (rf  small 
plants  rA  »i()()  or  5W  k\%'..  in  which  22.0(XI  volts  would  be  a  satis- 
isLCt^/ry  line  potential  and.  in  this  case,  by  winding  the  generators 
f^jr  22.(XX)  volts,  a  considerable  simplification  of  the  power  house 
may  Ixr  obtained.  There  is  also  little  force  to  the  argtiment  that 
the  manufacturers  will  refuse  to  build  22,(J(K>-volt  machines,  as 
they  are  s[>ecial.  We  actually  took  a  standard  12.000-volt 
machine,  and  wound  it  frjr  22JKX)  volts. 

I  am  in  accord  with  Mr.  Scott  in  regard  to  his  statement  that 
some  engineers  recommend  the  same  system  under  all  sorts  of 
conditions.  There  is  no  panacea  for  all  the  troubles  that  are 
encountered  in  our  work,  and  I  am  glad  to  find  Mr.  Scott  among 
those  who  advocate  the  taking  of  a  broad  view,  though  I  feai 
that  Mr.  Scott  and  all  the  rest  of  us  will  be  in  our  graves  when 

♦Static  Strains  in  Hij<h-Tcnsion  Circuits,  and  the  Protection  of  Ap- 
paratus," by  Percv  H.  Thomas.  Transactions  A  L  E- E-.  1902- 
Vol.  XIX,  pp    2i:^276. 
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engineers  are  still  persisting  in  advocating  a  specific  system  for 
all  conditions. 

W.  S.  Murray:  Does  Mr.  Behrend  really  mean  that  on  the 
high- voltage  machine,  notwithstanding  the  fact  that  the  dis- 
tributed winding  must  be  dispensed  with,  that  the  regulation 
will  be  as  good?  If  conductors  are  bunched  will  there  not  be  a 
much  larger  percentage  in  regulation?  Is  Mr.  Behrend  willing 
to  say  that  he  expects  this  regulation  to  be  just  as  good  without 
the  distributed  winding?  Regulation  is  one  of  the  most  im- 
portant things  in  the  design  of  large  transmission  plants,  and  it 
cannot  possibly  be  overlooked. 

B.  A.  Behrend:  In  answering  Mr.  Murray's  question,  I  should 
like  to  state  the  facts.  Comparing  with  one  anpther,  a  generator 
having  one  slot  per  pole  per  phase,  a  generator  having  two  slots 
per  pole  per  phase,  a  generator  having  three  slots  per  pole  per 
phase,  a  generator  having  five  or  six  slots  per  pole  per  phase — all 
cases  with  which  I  am  thoroughly  familiar  through  my  own 
personal  experience  in  designing  some  million  or  more  kilowatts 
of  such  generators — I  must  state  that  I  have  been  unable  to 
notice,  in  spite  of  most  carefully  carried  on  experiments,  any 
appreciable  difference  in  the  regulation  of  these  machines.  There 
ought  to  be,  and  there  probably  is,  a  slight  difference  in  the 
regulation,  but  it  is  too  slight  to  be  estabSshed  with  certainty. 
The  armature  reaction  is  less  in  the  generator  having  few  slots, 
while  the  self-induction  caused  by  local  fields  in  the  armature 
winding  is  greater.  Thus,  the  theory  of  armature  reaction  shows 
that  below  saturation  there  is  no  difference  in  the  regulation, 
while  at  high  saturation  there  is  a  slight  difference  in  favor  of 
the  machine  having  many  slots.  We  have  a  ntmiber  of  genera- 
tors and  synchronous  motors  operating  in  parallel  with  different 
numbers  of  slots  per  pole  per  phase,  and  certainly  no  difficulty 
has  ever  been  experienced  on  that  score. 

W.  S.  Murray:  I  understand  that  it  is  not  entirely  a  question 
of  self-induction — ^it  is  the  result  of  the  two.  Does  Mr.  Behrend 
feel  that  his  remark — ^that  his  conclusion — ^is  applicable  to  very 
large  units  and  also  generators  wound  for  single-phase  trans- 
mission? That  is  that  20,000- volt  generators  will  give  as  good 
regulation  as  distributed- wound  generators? 

B.  A.  Behrend:  To  answer  Mr.  Murray's  question  I  would 
say  that  the  regulation  is  practically  the  same  in  both  cases, 
understanding  by  regulation  the  voltage  drop  between  no  load 
and  full  load.  I  have  had  no  experience  with  single-phase 
railway  work,  but  I  should  say  that  it  will  be  necessary  to  avail 
oneself  of  all  possible  advantages  by  designing  a  generator  so 
as  to  give  as  nearly  a  sine  curve  as  possible,  so  as  to  make  it  as 
easy  as  possible  for  the  single-phase  motors.  Advantage  should  be 
taken  of  everything  to  make  it  easier  for  the  single-phase  motors. 

W.  S.  Murray:     Does  the  remark  of  4%  regulation  apply? 

B.  A.  Behrend:  There  should,  of  course,  be  good  regulation 
in  a  single-phase  railway  plant  on  account  of  the  large  wattless 
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currents.  But  this  regulation  depends  rather  on  other  factors, 
as  the  reluctance  of  the  magnetic  circuit,  the  amount  of  excita- 
tion, than  on  the  nimiber  of  slots  per  pole  per  phase. 

Ralph  D.  Mershon:  I  hope  that  Mr.  Behrend  later  on  will 
give  us  some  cost  and  efficiency  figures  for  r»uch  generators  as 
compared  with  lower  voltage  generators  combined  with  trans- 
formers, as  I  believe  he  has  such  figures  at  hand. 

I  was  rather  surprised  to  hear  Mr.  Skinner  lay  so  much  stress 
upon  the  question  of  lightning  protection.  From  what  I  know 
of  his  attitude  relating  to  choke-coils,  I  should  have  expected  him 
to  assume  that  enough  choke-coils  would  be  used  in  series  with 
the  generators  to  piotect  them.  Contrary  to  Mr.  Stott's  ex- 
perience, I  have  known  of  several  cases  where  generators  having 
step-up  transformers  between  them  and  the  line  were  damaged 
by  reason  of  lightning  discharges.  I  have  known  such  trouble 
to  occur  without  any  apparent  damage  to  the  transformer.  In 
such  cases  the  static  discharge  which  damaged  the  geneiator 
was  probably  induced  in  the  low- voltage  circuit  of  the  trans- 
formers by  the  electrostatic  inductive  action  between  the  wind- 
ings of  the  transformers.  In  some  cases,  however,  there  may 
have  been  a  break  down  between  the  high-  and  low-voltage 
windings  of  the  transformers  which  breakdown  repaired  itself 
by  reason  of  the  healing  action  of  the  transfoimer  oil.  I  think 
there  is,  imquestionably,  a  place  for  the  high- voltage  generator, 
and  this  paper  of  Mr.  Behrend' s  is  very  timely,  1  have  listened 
to  it  with  a  very  great  deal  of  interest  indeed,  and  will  receive 
with  even  more  interest  the  cost  and  efficiency  figures  previously 
mentioned  which  I  imderstand  he  will  give  us  later  on. 

F.  G.  Baum  (by  letter) :  I  take  exception  to  the  statement 
that  hydraulic  units  of  or  above  7,500  kw.  are  not  to  be  con- 
sidered' of  importance  at  present.  Several  installations  are  under 
way  for  hydraulic  units  of  7,500  and  10,000  kw.,  and  by  putting 
a  turbine  on  each  end  of  the  generator  shaft,  there  may  be  pro- 
duced units  as  large  as  15,000  kw.,  or  even  20,000  kw. 

The  disadvantages  of  winding  for  a  high  voltage  are: 

1.  Increased  losses. 

2.  Increased  cost. 

3.  Decreased  capacity. 

4.  Increased  danger  and  risk  of  breakdown. 

The  advantage  is  that  reduced  space  is  required,  as  no  trans- 
formers are  necessary. 

In  some  localities  the  question  would  be  answered  by  the  cost 
of  space,  but,  eliminating  the  space-factor,  it  does  not  seem 
advisable  to  wind  for  22,000  v»)lts  At  some  point  it  is  folly 
to  increase  the  voltage  on  generators.  I  am  inclined  to  the  opin- 
ion that  this  folly  point  is  reached  in  most  cases  before  22,000 
volts  is  attained. 

Ernst  J.  Berg  (by  letter)  :  I  quite  agree  with  Mr.  Behrend 
that  large  turbo-generators  lend  themselves  best  to  very  high 
voltage  windings.     At  the  same  time  it  may  be  of  interest  tc 
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know  that  one  manufacturing  company  has  built  18,000- volt 
alternators  directly  connected  to  slow-speed  engines. 

The  transmission  line  voltage  has,  in  my  opinion,  a  bearing 
on  the  best  generator  voltage,  since  with  one  of  the  high-poten- 
tial lines  grounded  in  a  delta  system,  high  static  stresses  are 
induced  in  the  generator  windings.  These  do  indeed  occur 
even  in  a  grounded  star  system  when  power  is  conveyed  over 
two  of  the  lines  and  the  ground  used  as  a  third  conductor. 

Therefore,  it  is  evident  that  it  is  not  well  to  make  the  generator 
voltage  too  low  in  reference  to  the  line  voltage.  My  judgment 
would  be  that  it  ought  to  be  not  less  than  one-sixth  or  one- 
fourth  of  the  line  voltage,  corresponding  to  16,000-25,000  volts 
in  a  100,000- volt  transmission  system.  Judging  from  the 
amount  of  insulation  required  in  transformers,  the  limit  would 
seem  to  lie  somewhere  between  20,000  to  25,000  volts,  provided 
alternators  of  reasonable  wave  shapes  are  demanded. 

W.  J.  Foster  (by  letter) :  The  question  of  practicability  in- 
volves construction  cost  and  efficiency.  It  may  be  said  that  the 
question  of  construction  is  wholly  one  of  insulation.  Is  it  possible 
to  allow  the  space  necessary  for  the  insulation  and  so  to  apply  it 
as  to  insure  against  breakdowns?  This  may  be  answered  in 
the  affirmative,  with  the  qualification  that  large  slots  are  always 
possible  where  the  pole-pitch  is  large.  Hence,  there  are  certain 
sizes  of  generators  that  are  well  adapted  for  such  high  poten- 
tials. It  is  probable  that  the  simplest  way  of  putting  this  matter 
above  a  certain  minimum  size  is  to  make  the  output  per  pole 
the  criterion,  since  this  eliminates  to  some  extent  the  considera- 
tion of  periodicity.  It  is  probable  that  almost  any  generator 
with  a  capacity  of  1000  kw.,  or  more,  whose  output  per  pole  is 
at  least  100  kw.,  can  be  advantageously  wound  for  22,000  volts. 
All  steam-turbine  generatois  up  to  60  cycles  belong  in  this  class. 
There  is  another  type  of  generator  that  is  admirably  adapted  to 
22,000  volts ;  namely,  the  large  engine-driven  fly-wheel  type.  Such 
generators  have  a  large  pole  pitch,  and,  consequently,  make  it 
possible  to  select  the  number  of  slots  that  permit  of  the  necessary 
room  for  insulation  between  winding  and  core.  They  also  make 
the  high-potential  machine  desirable  by  reason  of  the  fact  that  a 
large  percentage  of  their  cost  is  due  to  the  mechanical  parts. 
Hence  the  additional  cost  of  the  high-potential  machine  is 
generally  less  than  the  cost  of  step-up  transformers.  It  is  fre- 
quently much  less.  Furthermore,  the  efficiency  of  such  a  gener- 
ator is  much  higher  than  the  combined  efficiency  of  the  low- 
potential  generator  with  step-up  transformers. 

The  synchronous  motor  in  motor-generator  sets  and  frequency- 
changer  sets  in  sizes  of  1000  kw.  or  more,  may  often  most  ad- 
vantageously be  wound  for  20,000  volts.  The  majority  of  these 
are  for  low  frequency,  such  as  25  cycles,  and  for  use  in  sub-stations 
to  drive  direct-current  generators  or  alternating-current  60- 
cycle  generators.  Winding  for  20,000  volts  will  frequently 
simplify  the  sub-station  by  eliminating  step-down  transformers; 
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at  the  same  time  it  will  invariably  increase  the  eflSciency  of  the 
transformation. 

I  wish  briefly  to  describe  some  5000-kw.,  60-cycle,  100-rev.  per 
min.  engine-driven,  fly-wheel  type  generators  that  have  been 
constructed  to  operate  at  approximately  20,000  volts,  three- 
phase.  The  ampere  rating  of  these  generators  corresponds  to  a 
normal  potential  of  18,000  volts,  but  the  specifications  require 
them  to  be  capable  of  operating  at  a  mAyimnn^  of  22,000  volts. 
Three  of  these  generators  are  being  installed  in  the  plant  of  the 
Pacific  Light  and  Power  Co.,  Los  Angeles,  California. 

Floor  space  required  31  ft  by  6  ft.  9  in. 

Diameter  of  stator  28.5  ft. 

Diameter  of  rotor  25     ft. 

Radius  of  gyration  8.8  ft. 

Weight  of  rotor        '  186,000  lb. 

Weight  of  stator  162,000   ** 

Weight  of  accessories  12,000   ** 

Total  weight  360,000   " 

The  armature  coils  have  stood  a  high-potential  test  of  40.000 
volts  for  one  minute. 
The  commercial  efficiency  is  as  follows: 

1.25  load 96.5% 

Full  load 96.2% 

0.75     "    95.2% 

0.50    «    93.5% 

0.25     "    88.0% 

The  class  of  generators  which  will  undoubtedly  make  the 
best  showing  in  the  matter  of  cost  to  the  customer  is  the  large 
fly-wheel  type  of  low  periodicity,  such,  for  instance,  as  a  ^- 
cycle,  5000  kw,,  75  rev.  per  min.  Such  a  generator  wound  for 
22.000  volts,  will  not  cost  the  customer  more  than  15%  above 
the  cost  of  the  generator  wound  for  the  most  advantageous 
potential  with  step-up  transformers.  Step-up  transformers 
will  cost  about  30%  of  that  of  the  generator.  Hence  there  is  a 
saving  in  the  initial  cost  of  the  apparatus  alone  of  from  10  to  15%. 
To  this  should  be  added  the  saving  in  the  station  due  to  the 
elimination  of  space  for  transformers.  Along  with  this  saving 
in  the  initial  cost  there  will  accrue  to  the  consumer  a  continual 
revenue  due  to  the  better  efficiency.  This  will  amount  to  at 
least  1%  at  full  load  and  1.5%  at  one-half  load.  Many  large 
water-wheel  driven  generators  might  well  be  wound  for  22,000 
volts  where  it  is  desirable  to  use  that  potential  on  the  trans- 
mission lines.  It  would  be  an  interesting  study  to  work  out 
the  cost  and  efficiency  of  such  generators  for  transmitting 
Niagara  power  to  Buffalo  in  comparison  with  the  use  of  gener- 
ators with  step-up  transfoimers,  as  at  present.  Theie  is  no  doubt 
in  my  mind  but  that  a  most  decided  gain  would  be  shown.  The 
3750-kw.  generators  on  the  American    side  and  the  7500-kw. 
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on  the  Canadian  side  are  ideal  machines  for  22,000  volts,  by 
reason  of  their  large  capacities  and  the  relations  that  exist  be- 
tween capacity  and  the  number  of  poles. 

In  conclusion,  after  several  years'  experience  in  designing,  I 
am  confident  that  22,000- volt  generators  properly  selected  in  the 
matter  of  their  ratings,  offer  less  difficulties  in  design  and  con- 
struction than  numerous  6,600-volt  generators  now  in  operation. 

R.  S.  Kelsch  (by  lettei) :  In  June,  1905,  the  writer  endeavored 
to  purchase  25, 000- volt,  3750-kw.  generators  for  a  hydroelectric 
development  to  consist  of  five  3750-kw.  generators  for  an  18- 
mile  transmission.  Several  large  companies  manufacturing 
this  class  of  electrical  apparatus  were  asked  if  they  would  con- 
struct such  machines.  One  company  replied  that  they  did  not 
think  it  feasible ;  the  other  companies  thought  it  feasible  but  were 
not  prepared  to  supply  machines  of  this  voltage  at  that  time. 

The  plant  referred  to  is  now  operating,  using  3750-kw.  gener- 
ators, step-up  transformers,  etc.  In  preparing  plans  for  this 
installation,  and  while  considering  25,000-volt  generators,  the 
following  points,  for  and  against  the  use  of  such  generators, 
received  consideration : 

Extra  cost.  Generators;  potential  transformers;  current  trans- 
formers, etc. 

Saving.  Saving  of  step-up  transformers,  building  for  trans- 
formers, generator  cables,  entire  low-voltage  bus-bar  system, 
switches,  etc.,  the  water-  and  oil-pump  system,  insurance  on 
transformers  and  building,  interest,  and  depreciation. 

Disadvantages.  The  25,000-volt  generators  would  be  exposed 
to  line  strains,  lightning,  etc.  In  case  of  lightning  entering  the 
station,  liability  of  greater  damage  and  serious  interruption  to 
service,  which  might  be  overcome  by  extraordinary  insulation 
on  generators,  and  25,000-volt  bus-bar  constructed  to  have  had 
capacity  to  dissipate  abnormal  strains. 

There  is  also  the  disadvantage  that  with  such  generators  the 
multiplicity  of  voltages  sometimes  required  for  the  high-ten- 
sion systems  could  not  be  obtained  as  readily  as  with  the  step- 
up  transformers. 

Advantages.  Advantages  obtained  by  using  the  25,000-volt 
generators  are;  better  regulation,  simplicity  of  station  wiring, 
reduced  fixed  charges,  reduced  danger  from  fire  due  to  the  absence 
of  oil-cooled  transformers. 

In  Montreal  there  is  one  hydroelectric  plant  containing  eight 
750-kw.,  4400-5000- volt  generators,  working  direct  on  the 
transmission  lines.  In  nine  years'  service  there  has  not  been 
one  case  of  trouble  on  the  high-tension  windings  of  the  gener- 
ators, due  to  lightning  or  other  abnormal  strains.  And  this 
plant  has  yet  to  record  the  first  injury  to  an  employee  or  any 
other  person  from  these  5,000- volt  machines. 

When  this  plant  was  installed,  the  specifications  for  these 
generators  called  for  the  insulation  to  be  such  as  successfully  to 
withstand   a   25,000-volt   alternating-current   breakdown   test. 
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Tfce  writer  believes  that  a  plant  containing  a  large  number  oi 
26,000-volt  generators  can  be  successfully  and  safely  operated, 

L.  Schuler  (by  letter) :  There  is  no  doubt  that  alternators 
can  be  wound  for  pressures  over  20,000  volts.  As  early  as  1896 
I  assisted  in  the  design  of  a  30-kw.  27,000- volt  machine,  which 
was  built  by  the  Allgemeine  Elektricitats-Gesellschaft,  Berlin. 
It  worked  satisfactorily.  The  coils  were  embedded  in  troughs 
of  micanite,  and  the  machine  was  made  for  the  purpose  of  show- 
ing that  the  possibilities  of  this  new  (at  that  time)  material. 

Another  question  is,  whether  it  is  advantageous  to  use  such 
machines  in  connection  with  long  transmission  lines;  this  I 
think  is  not  the  case.  Mr.  Behrend  is  quite  right  to  advocate 
the  carrying  of  spare  coils,  but  it  should  be  well  understood 
that  it  takes  at  least  a  couple  of  hours  to  replace  coils  of  an  al- 
ternator, while  practically  no  time  is  required  to  switch  in  a 
spare  transformer.  Even  if  no  spare  transformer  is  available, 
in  case  of  a  breakdown  it  will  very  often  be  possible  to  carry  the 
load  on  the  other  transformers  while  the  broken  down  one  is 
being  repaired.  The  overload  capacity  of  alternators,  and  es- 
pecially prime-movers,  is  usually  not  sufficient  to  do  this. 

As  Mr.  Behrend  says  himself,  there  would  not  be  much  saving 
in  costs  by  the  adoption  of  such  extra  high  tension  generators, 
I  think  it  would  be  rather  unwise  for  supply  companies  to  use 
and  for  mantifacturing  companies  to  sell  them. 

Farley  Osgood  (by  letter):  Without  question  the  operating 
dangers  in  a  high-voltage  machine  are  greater  than  in  a  machine 
of  moderate  voltage.  The  greatest  objection  the  writer  has  to 
a  machine  wound  for  such  a  voltage  is  the  uncertainty  of  pro- 
tecting it  from  outside  disturbances  such  as  grounded  or  short- 
circuited  lines,  lightning  discharges,  etc.  With  step-up  trans- 
formers, a  defence-wall  for  the  generating  units  is  maintained, 
and  the  protection  afforded  is  in  my  opinion  worth  the  additional 
cost. 

No  doubt  such  a  generator  can  be  built  and  will  run  satis- 
factorily, but  I  think  that  the  discussion  would  finally  resolve 
itself  more  into  one  of  practical  operation  rather  than  electrical 
or  mechanical  possibility.  As  an  extreme  case,  Mr.  Behrend 
cites  as  possible  a  20,000-volt  machine  as  small  as  160  kw. 
capacity;  such  a  machine  would  of  course  be  built  for  experi- 
mental purposes  only,  as  there  is  hardly  any  power  problem 
which  would  require  such  an  unusual  piece  of  apparatus. 

It  seems  to  me  that  a  machine  wound  for  20,000  volts  to  be 
used  directly  on  the  power  system  should  receive  consideration 
only  where  units  of  enormous  capacity  are  required  and  where 
the  transmission  distance  is  very  short. 

H.  F.  Parshall  (by  letter) :  The  practicability  of  winding  gener- 
ators for  22,000  volts  would  depend  largely  on  the  size  of  the  ma- 
chine. In  the  case  of  the  proposed  installation  for  the  London 
County  Council,  where  12,000  to  15,000  kw.  turbo-generating  sets 
are  in  contemplation,  the  matter  was  the  subject  of  most  careful 


1907]  DISCUSSION  AT  NEW  YORK  379 

consideration,  the  result  of  which  was  that  15,000-volt  gener- 
ators were  considered  practicable  and  that  they  would  be  more 
satisfactory  in  practice  than  low- voltage  generators  with  step-up 
transformers.  Voltages  higher  than  15,000  were  considered, 
both  in  the  generating  and  transmission  systems,  the  transmission 
system  in  this  case  being  underground  and  thereby  being  subject 
to  difTererit  considerations  from  an  overground  transmission 
system,  and  it  was  found  that  to  transmit  the  same  energy, 
having  regard  for  all  of  the  conditions,  there  would  be  no  ad- 
vantage in  the  transmission  system  is  a  voltage  higher  than 
15,000;  in  fact,  the  maximum  advantage  occurred  at  that  point. 

I  make  particular  mention  of  this  in  that  the  installation  has 
been  designed  to  distribute  250,000  kw.  over  perhaps  the  widest 
area  that  is  likely  to  be  encountered  in  municipal  supply.  This 
being,  therefore,  practically  the  limit  of  this  class  of  installation, 
it  would  appear  there  is  a  natural  division  between  voltages  for 
generation  in  what  may  be  termed  a  municipal  system  and  in 
what  may  be  termed  a  long-distance  transmission  system,  the 
limiting  commercial  voltage  for  a  municipal  system  placed 
underground  being  approximately  15,000  volts,  whereas  in  the 
long-distance  transmission,  if  overhead,  three  or  four  times  this 
becomes  commercial.  At  this  higher  voltage,  direct  generation 
is  out  of  the  question.  It  would  appear,  therefore,  the  particular 
answer  would  be  that  in  practically  every  case  generators  of 
laige  size  can  be  wound  to  meet  the  requirements  of  economical 
transmission  in  the  largest  type  of  municipal  plant,  but  that  in 
the  case  of  long-distance  transmission,  step-up  transformers  in 
the  generating  station  become  a  necessity. 

A.  Henry  Pikler:  The  chief  object  in  winding  a  generator 
for  high  voltages  is  to  use  it  directly  in  connection  with  the  trans- 
mission line  and  to  do  away  with  the  step-up  transformer,  if 
this  in  combination  with  the  generator  is  found  more  expensive 
than  the  high- voltage  generator  alone. 

I  assume  that  22,000  volts  was  selected  in  connection  with 
this  paper,  because  it  was  thought  that  this  is  about  the  limit 
for  which  generators  can  be  wound  in  the  present  state  of  the 
art.  Since,  however,  there  is  a  large  range  of  transmission 
voltages  still  above  22,000 — in  such  cases  transformers  must  be 
used  anyhow — I  should  more  explicitly  formulate  the  question 
like  this:  Is  it  practicable  to  operate  transmission  lines  from 
20,000  to  25,000  volts  directly  by  generators  wound  for  such 
voltages  ? 

What  is  meant  by  practicable?  By  this  term  I  understand 
collectively  the  following  elements  in  question:  1.  Whether  oi 
not  the  apparatus  can  be  built  at  all  for  such  a  voltage.  2, 
Whether  or  not  it  is  economical  to  the  manufacturer  to  build  it 
for  such  a  voltage  in  preference  to  other  solutions.  3.  Whether 
or  not  such  a  generator  is  reliable  in  the  service ;  that  is,  economi- 
cal from  the  standpoint  of  the  power-plant  man. 

The  very  fact  that  there  is  some  discussion  over  the  pr^cti- 
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cability  of  22,000-volt  generators,  may  readily  convey  the  im- 
pression that  'winding  generators,  even  large  generators,  for 
22,000  volts,  is  a  great  feat.  Generally  speaking  it  is  not.  It 
is  not  the  art  of  insulating  that  is  at  fault  in  this  problem.  It 
is  not  that  materials  cannot  be  found  good  enough  or  that  we 
do  not  know  how  to  do  the  insulating,  in  order  to  have  the 
generators  stand  the  voltage  in  service. 

The  author  introducing  this  subject  for  discussion  illustrates 
very  well  with  his  150  kilovolt-ampere,  22,000-volt  generator, 
operating  for  months  night  and  day  without  a  break,  that  this 
is  not  the  case.  Though  it  is  true  that  the  quality  of  insulating 
materials  has  undergone  rapid  progress  during  the  last  four  or 
five  years,  yet  I  know  of  machines  wound  for  20,000  volts  that 
were  installed  seven  years  ago.  These  machines  are  not  very 
large.  They  are  horizontal  turbine-driven,  150-rev.  per  min., 
16-cycle,  1000-kw.  machines.  They  can  operate  at  30,000  volts 
for  half  an  hour  without  injury  and  they  are  operating  satisfac- 
torily. 

I  know  of  another  plant  installed  about  a  year  ago  with  4000- 
kilovolt-ampere  turbine-driven  generators  wound  for  40,000 
volts,  and  they  are  working  satisfactorily.  To  wind  and  insulate 
a  generator  for  20,000  volts  Is,  then,  not  out  of  the  question. 

The  most  essential  thing  needed  for  winding  a  generator  for 
high  voltages  is  space,  big  slots  where  there  is  space  for  the  slot 
insulation,  for  insulation  between  adjacent  turns  or  layers,  and 
space  on  the  ends  to  prevent  creeping  or  breakdown  between  the 
ends  of  coils. 

Big  slots,  however,  mean  an  uneven  distribution  of  magnetic 
flux,  strongly  developed  higher  harmonics,  an  electromotive 
force  wave-form  deviating  from  the  sine  wave,  a  higher  excita- 
tion. It  would  be  very  interesting  to  know  the  electromotive 
force  wave-foim  of  the  150  kilovolt-ampere  22,000-volt  machine, 
of  which  other  characteristic  curves  are  shown  to  advantage  in 
the  paper. 

This  wave-form  is  a  very  important  matter,  the  manufacturer 
should  consider  it  just  as  much  as  he  does  the  possibility  of  a 
satisfactory  insulation  or  the  cost  of  a  machine.  There  is  no 
doubt  but  that  even  a  2000  kilovolt-ampere  300-rev.  per  min., 
20,000-volt  machine  can  be  produced  at  a  lower  cost  than  can  a 
combination  of  a  2300-volt  machine  and  three  700-kilovolt- 
ampere  step-up  transformers.  Besides,  it  would  greatly  sim- 
plify the  power  plant  and  lessen  the  responsibilities  of  the  station 
men.  It  is  doubtful,  however,  whether  such  a  generator  would 
be  as  good  in  every  other  respect,  especially  in  wave  form,  as 
the  2300-volt  generator.  Besides,  selling  a  generator  and  trans- 
former, too,  means  greater  profit  to  the  manufacturer. 

As  to  the  reliability.  A  generator  if  protected  by  lightning- 
arresters,  choke-coils,  or  even  static-interrupters  against  ab- 
normal rises  in  voltage  is,  to  my  mind,  a  safer  and  simpler  pro- 
position than  a  combination  of   a  generator  and  transformer; 
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on  the  other  hand,  if  a  breakdown  occurs — in  one  case  the 
transformer  breaks  and  in  the  other  the  generator — ^there  is  no 
doubt  but  that  it  will  take  moye  time  to  repair  the  generator 
than  to  cut  out  the  injured  transformer  and  run  the  other  two  on 
open  delta,  or  to  repair  the  transformer,  or  to  cut  in  a  spare 
transformer. 

Which  solution  is  the  most  economical  to  the  customer  is 
almost  solely  dependent  upon  local  conditions.  For  instance, 
in  steel  works  or  ore-smelting  works  where  large  blast-furnaces 
are  electrically  operated  and  where  in  case  of  a  breakdown 
costly  furnaces  and  valuable  ore  are  affected,  it  will  pay  to 
carry  in  reserve  even  a  complete  generating  outfit. 

As  the  practicability  in  winding  alternators  for  high  voltages 
depends  chiefly  upon  their  geometrical  dimensions,  I  cannot 
accept  such  a  general  conclusion  as  arrived  at  by  the  author  of 
the  paper.  If  he  had  in  mind  a  steam  turbine,  he  is  about  right, 
but  I  am  of  the  opinion  that  lower  generating  capacities  can  be 
wound  and  used  to  advantage  for  22,000  volts. 

Bertrand  P.  Rowe:  From  the  standpoint  of  the  man  who  has 
to  provide  for  the  switching  devices,  the  proposal  to  wind  alter- 
nating-current generators  for  higher  voltages  than  are  commonly 
used  at  present  seems  to  be  a  step  in  the  right  direction.  As 
the  size  of  unit  increases,  and  the  amount  of  enei^y  to  be  in- 
terrupted becomes  greater,  it  becomes  more  and  more  of  a  prob- 
lem to  build  oil-switches  that  will  open  the  circuits  from  the  bus- 
bars, because  the  lower  voltages  now  employed  introduce 
currents  of  large  capacity. 

The  problem  of  breaking  circuits  at  high  voltage  has  been 
successfully  solved  as  far  as  pressure  is  concerned.  It  is  a 
simple  matter  to  open  a  circuit  for  any  generator  voltage  that  is 
likely  to  be  determined  upon.  But  if  this  circuit  must  carry  a 
large  ampere  capacity,  the  problem  becomes  more  difficult;  and 
the  higher  the  generating  voltage  becomes  the  simpler  will  be 
the  problem. 

Oil  circuit-breakers  have  been  built  to  open  circuits  carrying 
2000  amperes  normally  at  13,000  volts  pressure,  and  there  have 
been  cases  where  engineers  have  asked  for  circuit-breakers  to 
open  3000-ampere  circuits  at  13,000  volts  pressure.  Here  we 
are  getting  to  the  point  in  oil-switch  design  where  it  is  doubtful 
engineering  at  best  to  build  the  switch  and  be  ready  to  guarantee 
its  successful  operation. 

If  it  were  only  the  generator  capacity  that  must  be  taken  into 
consideration,  it  would  be  some  time  before  arriving  at  a  point 
where  the  switch  must  break  any  extraordinary  current  with 
present  generator  voltages.  But  the  fact  is  that  the  use  of  low 
voltages  on  the  bus-bars  means  heavy  capacities  in  the  junction 
and  tie-in  switches,  and  on  circuits  feeding  large  capacity  trans- 
former banks.  The  latter  must  often  be  automatic,  and  when 
opening  on  heavy  overloads  in  a  station  with  enormous  capacities 
on  the  bus-bars,  the  result  may  be  imagined.     As  the  entire 
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operation  of  a  plant  may  depend  on  the  success  or  failure  of  such 
switches,  connected  as  they  are  to  the  bus-bars,  the  importance 
of  this  phase  of  the  situation  is  obvious. 

The  problems  involved  on  account  of  higher  generating  voltages 
in  the  other  switchboard  apparatus  and  the  wiring  of  the  station 
are  not  worth  mentioning.  The  only  appreciable  difference  will 
be  that  the  higher  potential  will  have  to  be  provided  for  in  the 
cables  between  the  machines  and  switchboaids.  It  is  really  a 
installation  problem  that  has  already  been  solved. 

Comparing  the  cost  of  switchboard  apparatus  and  conductors, 
everything  is  in  favor  of  the  higher  voltage.  It  may  cost  a  little 
more  for  insulated  cables,  but  the  oil  circuit-breakers,  bus-bars, 
series  transformers,  and  other  accessories  will  be  smallei  in 
capacity  and  much  cheaper.  It  often  happens  that  switchboard 
apparatus  for  a  13,000- volt  plant  with  a  given  ampere  capacity 
can  be  used  without  change  for  a  plant  of  the  same  capacity 
at  22,000  volts,  for  the  reason  that  the  manufacturers  have  one 
class  of  apparatus  foi  both  purposes. 

Summing  up  the  whole  situation,  the  use  of  higher  generator 
voltages  ^1  simplify  the  problem  in  the  switchboard  equip- 
ment, and  undoubtedly  reduce  the  cost,  besides  involving  nothing 
that  has  not  been  well  developed  and  in  successful  operation. 

A.  B.  Rejmders  (by  letter):  High  voltages  are  independent 
of  the  prime  mover;  that  is,  the  insulation  on  a  22,000- volt 
generator  would  be  practically  the  same  whether  driven  by  hy- 
draulic turbine,  gas  engine,  reciprocating  steam  engine,  or  steam 
turbine. 

As  stated  by  the  author,  increase  of  voltage  means  increase  of 
conductors.  Increase  of  conductors  means  increase  of  insula- 
tion; hence,  the  higher  the  voltage  the  greater  percentage  of 
slot  space  occupied  by  the  insulation.  This,  from  a  mechanical 
point  of  view,  is  inefficient.  In  the  case  of  trie  11, 000- volt 
generator,  cited  by  the  author,  it  is  probable  that  60%  of  the 
space  in  the  slot  was  taken  up  by  the  insulation,  the  remaining 
50%  being  copper.  Increasing  this  voltage  to  22,000  volts  and 
the  capacity  to  15,000  kw.  will  cause  the  insulation  to  be  doubled; 
or,  in  other  words,  the  space  occupied  by  the  insulation  will 
be  70%  of  the  total  slot  space. 

When  it  comes  to  the  insulation  on  the  ends,  the  distance  which 
the  bare  parts  of  the  coils  will  have  to  project  will  be  about 
double  that  required  fbr  11,000  volts.  This  means  that  the 
coils  will  be  extremely  weak  mechanically,  owing  to  their 
length.  This  assumption  is  based  on  the  fact  that  peripheral 
speeds  cannot  be  increased  much  over  the  present  uses;  hence 
the  increased  induction  must  be  obtained  by  lengthening  the  iron. 

The  increase  in  insulation  has  another  very  bad  feature  besides 
occupying  valuable  space ;  namely,  it  is  a  non-conductoi  of  heat. 
All  heat  generated  in  the  copper  must  be  transmitted  to  the 
surrounding  cooling  medium  through  the  insulation.  Under 
the  action  of  heat  all  insulation  of  a  fibrous  nature  tends  to 
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deteriorate.  Mica  and  asbestos  ar^  exceptions,  but  these  are 
grave  objections  to  their  use  unless  combined  with  some  fibrous 
material,  such  as  tape.  This  deterioration  of  insulation  is 
reduced  by  decreasing  the  heat  generated,  to  accomplish  which 
necessitates  an  increase  in  the  size  of  copper.  This  again  tends 
to  decrease  the  efficiency  per  potmd  of  gross  weight. 

As  admitted  by  the  author,  a  22,000-volt  generator  is  less 
reliable  than  one  of  11,000  volts.  That  this  is  a  grave  weakness 
is  endorsed  by  his  statements  regarding  spare  parts.  He  recom- 
mends practically  an  extra  machine  to  provide  against  break- 
downs. The  only  advantage  which  can  be  claimed  is  in  sim- 
plicity of  the  power  station  by  avoiding  use  of  transformers. 

Guide  Semenza  (by  letter) :  Mr.  Behrend  rightly  points  out 
that  the  reason  for  using  high-tension  generators  is  to  limit 
their  current  capacity,  as  the  distribution  and  conduction  pf 
large  currents  from  the  generators  to  the  switchboards  is  cum- 
bersome and  expensive.  I  would  add,  that  up  to  a  certain 
point  switching  with  high  pressure  is  preferable  to  switching 
with  very  heavy  current. 

In  his  comparison  the  author  refers  very  likely  to  central 
stations  having  such  a  switchboard  scheme  that  the  low-tension 
generator  currents  are  collected  on  a  set  of  bus-bars  to  which 
the  low-tension  circuits  of  the  transformers  are  connected,  and, 
as  far  as  such  scheme  is  considered,  I  quite  agree  with  him  in 
his  conculsions.  But  there  is  an  intermediate  solution  between 
this  and  the  use  of  high-tension  generators  which  is  employed 
in  some  Eiu-opean  plants.  Low-tension  generators  are  used, 
and  each  generator  is  connected  to  a  set  of  transformers,  with 
circuit-breakeis;  there  are  no  switches,  no  fuses,  nor  instru- 
ments being  used  in  this  low-tension  connection. 

The  generator  and  its  transformers  are  considered  as  a  high- 
tension  generating  unit,  and  all  the  switchboard  is  on  the  high- 
tension  side  of  the  transformers.  Such  a  solution  permits  of 
all  the  advantages  of  low-tension  generators,  confines  the  high- 
tension  in  an  apparatus  much  more  fit  to  withstand  it,  and  at 
the  same  time  reduces  the  current  capacity  in  the  switchboards. 

It  has  only  one  apparent  drawback;  that  is,  that  a  fault  in 
a  transformer  will  also  put  a  generator  out  of  service;  but  if 
the  use  of  low-tension  will  have  the  effect  of  reducing  the  num- 
ber of  accidents  in  the  generator,  then  there  will  still  be  an 
advantage,  as  the  repairing  of  generator  coils  requires  much 
more  time  than  the  time  required*  to  replace  a  faulty  trans- 
former with  a  spare  one. 

Philip  Torchio  (by  letter):  Referring  to  Mr.  Behrend's 
question  as  to  what  part  the  ohmic  resistance  plays  in  the  par- 
allel operation  of  synchronous  apparatus  on  long  transmission 
lines,  I  wish  to  call  the  attention  of  the  parties  interested  in 
this  subject  to  a  paper  contributed  by  Mr.  G.  Semenza  to  the 
Milan  section  of  the  Associazione  Elettrotccnica  Italiana,  at  their 
meeting  of  December  4,  1903. 
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The  paper  describes  two  series  of  tests:  one  upon  two  direct- 
current  synchronous  motor-generator  sets,  operated  inverted 
from  a  large  storage-battery  and  with  tlie  alternating-current 
machines  connected  through  an  adjustable  resistance.  The 
other  series  of  tests  was  made  on  a  s3mchronous  motor  fed  from 
the  main  bus-bars  of  a  large  generating  station  through  an  ad- 
justable rheostat.  In  both  cases  the  load  and  power-factor 
and  reactance  and  ohmic  resistance  of  circuits  were  adjusted 
for  different  values  so  as  to  obtain  curves  showing  the  behavior 
of  these  machines.  Pumping  phenomena  would  appear  in  all 
instances  under  certain  conditions  of  load,  power-factor,  and 
ohmic  resistance  of  the  circuit.  The  ptmiping  had  a  frequency 
of  from  eighty  to  one  hundred  and  twenty  vibrations  per  minute, 
and  beyond  certain  values  the  amplitude  of  the  oscillation  was 
so  large  that  the  machines  were  thiown  out  of  step. 

Mr.  Semenza's  analysis  of  the  results  gives  lucid  portrayals 
of  the  function  of  resistance  and  reactance  in  a  circuit  upon  the 
paiallel  operation  of  synchronous  motors,  and  possibly  might 
be  abstracted  for  the  minutes  of  the  Institute,  or  at  least  at- 
tention called  to  this  contribution  to  the  subject  for  the  in- 
formation of  those  who  may  care  to  look  up  the  subject. 

John  Pearson  (by  letter) :  I  agree  that  there  are  advantages 
in  winding  large  alternators  for  22,000  volts,  especially  when 
this  is  the  potential  required  for  distribution.  As  Mr.  Behrend 
says,  steam  tui  bines  will  probably  soon  be  built  for  10,000  to 
25,000  kilowatts.  These  large  steam  units  will  naturally  be 
used  in  large  cities  where  the  distance  of  transmission  is  rela- 
tively short.  Hydraulic  tiu-bincs  in  the  near  future  will  pos- 
sibly range  in  capacity,  as  at  present,  from  1,000  to  3,500 
kilowatts.  These  turbines  will,  on  the  average,  be  used  at  a 
distance  from  the  market  or  center  of  distribution,  where  the 
distance  of  transmission  will  be  relativelj'  long. 

I  believe  it  practicable  to  wind  22,000-volt  alternators  for 
use  with  large  steam  turbines  where  the  distance  of  transmission 
is  short.  In  this  case,  power  stations  using  22,000-volt  alter- 
nators will  need  no  step-up  transformers,  resulting,  of  course, 
in  higher  efficiency.  The  danger  of  generator  coils  being  punc- 
tured directly  by  lightning  wiU  be  small,  as  the  average  turbo- 
generatoi  will  be  transmitting  its  power  through  underground 
cables. 

The  transmitting  voltage  of  the  futiu-e  water-power  station 
is  likely  to  be  from  60,000  to  100,000  volts,  and  one  would  not 
favor  using,  a  20,000-volt  alternator  where  the  transmitting 
potential  was  60,000  or  100,000  volts,  as  transformers  for  raising 
the  potential  would  also  have  to  be  used.  Where  step-up  trans- 
formers have  to  be  used,  I  believe  it  practicable  to  use  gener- 
ators wound  for  2,200  volts,  as  there  is  very  little  danger  of 
the  generator  coils  giving  way  at  this  voltage. 

A  generator  wound  for  22,000  volts  can,  as  far  as  insulation 
is  concerned,  be  compared  to  an  air-blast  transfoimer.     I  know 
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by  experience  that  the  oil-insulated  transformer  will  stand 
moie  severe  static  strains  than  the  air-blast  transformer.  Con- 
sequently, a  20,000-volt  generator  cannot  be  expected  to  stand 
up  under  severe  static  strains  any  better  than  can  the  air-blast 
transformer,  on  account  of  not  having  the  benefit  of  oil  for 
insulation.  Oil  simply  for  insulation  is  not  all,  as  the  oil  fills 
all  intermediate  space  between  and  around  the  coils  and  thereby 
keeps  the  dirt  away  from  the  coils,  which  is  one  good  point. 

Mr.  Behrend  states  that  the  insulation  of  coils  against  grotmd 
is  easier  to  obtain  than  against  one  another,  and  that  the  ques- 
tion of  insulating  the  coils  from  one  another  is  particularly 
difficult  in  turbo-generators  on  account  of  the  crammed  condi- 
tions of  the  winding  space.  From  the  above  it  is  seen  that  no 
more  insulation  can  be  used  than  what  is  absolutely  necessary; 
but  it  is  comparatively  easy  to  bring  out  leads  and  use  cylinders 
and  air-gaps,  as  shown  in  Transactions  A.  I.  E.  E.,  1904, 
Vol.  23,  p.  670.  Also  Transactions  A.  I.  E.  E.,  1906,  Vol.  24, 
pages  960-962-978. 

I  know  by  experience  that  when  using  spark-gaps  across 
each  «oil,  less  insulation  can  be  used,  as  abnormal  strains  are 
equalized  over  the  whole  winding.  I  do  not  consider  it  hard 
to  insulate  a  generator  for  22,000  volts  under  normal  condi- 
tions, but  such  generators  must  stand  up  under  abnormal 
static  conditions  as  well. 

It  seems  wise,  therefore,  to  use  spark-gaps  across  coils,  the 
winding  connected  in  star  and  the  star  and  core  grounded. 
By  this  arrangement  the  generator  becomes  to  a  certain  extent 
a  condenser,  having  capacity  between  coils;  between  coils  and 
the  frame,  between  coils  and  the  ground,  this  capacity  becomes 
more  noticeable  when  any  static  strain  can  reach  all  parts  of 
the  winding  at  once,  than  if  it  only  piled  up  on  the  fiist  coil 
nearest  the  transmission  line. 


A  ^Aper  ^etenUd  at  a  meeting  0/  tkt  Chicago 
Branch  ofth*  A  merican  Inttitut*  of  EUctri- 
cal  Engineer* f  Chicago^  III,,  March  36^  rgof. 

Cop3rrighted.  1907,  by  A.  I.  E.  E. 


HIGH-VOLTAGE    DIRECT-CURRENT   AND    ALTER- 

NATING-CURRENT    SYSTEMS    FOR 

INTERURBAN  RAILWAYS. 

BY  W.  J.  DAVIS,  JR. 


The  magnitude  and  direction  of  engineering  development 
in  apparatus  for  the  electrical  equipment  of  high-speed  inter- 
urban  railways  is  well  illustrated  by  a  study  of  the  systems 
adopted  by  some  of  the  more  important  lines  recently  built  or 
now  under  construction.  These  systems  may  be  divided  into 
three  classes,  namely: 

L  600-volt,  direct-current  using  either  overhead  trolley  or 
third-rail. 

2.  1200-volt,  direct-current  overhead  trolley. 

3.  Single-phase,  alternating  current,  3300-  or  6600-volt  over- 
head trolley. 

As  apparatus  for  the  operation  of  the  1200-volt,  direct-current 
system  is  being  manufactured  in  this  coimtry  only  by  one  com- 
pany, the  list  of  roads  given  below  comprises  only  those  using 
equipments  manufactured  by  this  company,  and  is  limited  to 
sales  to  new  roads  made  during  the  last  year. 

The  largest  installation  undertaken  during  the  last  year  was 
that  of  the  West  Jersey  &  Seashore  Railroad,  comprising  equip- 
ment for  145  miles  of  single  track  and  35600  h.p.  in  railway 
motors.  On  accoimt  of  the  limited  time  required  for  the  com- 
pletion of  this  installation  (six  months  from  date  of  selecting 
power-house  site)  it  was  impossible  to  furnish  apparatus  of  special 
type,  making  the  selection  of  the  600-volt,  direct-current  system- 
obligatory.  For  this  reason  the  equipment  of  this  road  is  not 
included  in  the  following  statistics. 
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Length 

of 
track 


600  volts,  dirgct  currfni 

Texas  Traction  Co i  03 

16 
70 
40 


No. 

of 

Can 


Elmira.  Corning  ft  Waveriy 

Buffalo.  Lockxwrt  ft  Rochester. 
Oregon  Railway 


1200  oofto,  dirtct  currtni 

Central  California    Trac.  Co 

PitUburg.  Harmony.  New  Castle  ftButler. 

Indianaxwlis  ft  Louisville 

Indianapolis.  Columbus  ft  Southern 

San  Jose  ft  Santa  Clara 


Stngk-iOiau,  3300  or  6600  volts 

Washington.  Baltimore  ft  AnnapoUa. 

Central  Illinois  Constr.  Co 

Anderson  (S  .C.)  Railway 

Richmond  ft  Chesapeake  Bay 


188    •• 

16  miles 
63    •' 
41    .. 


120 


52  miles 
40    • 
35    * 
15    .' 

142 


15 

7 

19 

8 

40 

6 
12 
10 
3 
8 

30 


25 

10 

3 

4 

42 


,  Total 
Site  motor 

Motors         h.p. 


4  76  h.p. 
4  60  •• 
4  76  •« 
4  75  •• 


4  75  h.p. 

4  75  *• 

4  75  «• 

4  75  .. 

4  75  " 


4  125) 
2  125  i 
4    75 
4    75 
4  126 


4.500 
1.680 
6.700 
2.400 


l4J2aO 

1.800 
3.000 
3.000 
900 
2.400 


11,700 


11.500 

3.000 

900 

2.000 


17.400 


Total  horse  power  in  motors  sold.  43.380  of  which 
600  volt,  direct  current  has  33  per  cent. 
1200    -        -  -         -    27    -      - 

Single  phase  alternating  current  has  40  per  cent. 

It  is  most  interesting  to  note  that  two-thirds  of  the  total 
motor  capacity  sold  consists  of  1200-volt,  direct-current  and 
single-phase  alternating-current  motors,  indicating  the  eager- 
ness of  electric  railway  builders  to  take  advantage  of  the  reduced 
cost  of  construction  and  equipment,  and  economies  in  operation, 
resulting  from  the  use  of  higher  secondary  distributing  voltages. 
The  magnitude  of  the  possible  savings  will  depend  upon  the 
local  and  service  conditions  aiid  will  vary  over  a  wide  range. 

Generally  speaking,  increased  voltage  at  the  trolley  will  be 
attended  with  reduction  in  cost  of  copper  and  sub-station  appara- 
tus, and  by  increased  cost  of  car  equipments  due  to  the  inher- 
ently heavier  and  more  expensive  character  of  the  motors  and 
control  systems.  Where  the  car  movement  is  especially  fre- 
quent, as  in  case  of  rapid-transit  suburban  service  in  the 
^acinity  of  the  larger  cities,  requiring  from  two  to  four  tracks, 
the  600-volt,  direct-current  systems  will  generally  prove  the 
cheaper,  a  result  largely  due  to  the  lower  cost  of  the  motors. 

On  account  of  the  variable  character  of  the  conditions  encount- 
ered, each  problem   requires    a  special   investigation  before  the 
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relative  merits  of  the  three  systems  can  be  reliably  determined, 
but  the  following  general  limitations  will  be  foimd  to  hold  true. 

1.  Street  railways  and  elevated  roads  in  cities  should  unques- 
tionably be  equipped  with  standard  600-volt,  direct-current 
apparatus. 

2.  Suburban  lines  10  to  15  miles  in  length  operating  cars 
on  frequent  headway  should  be  quipped  with  600-volt,  direct- 
current  system. 

3.  For  high-speed  interurban  railways  operating  cars  60  ft. 
or  more  over  all  at  speeds  of  40  miles  per  hour  or  more : 

a.  The  600-volt,  direct-current  system  is  the  most  reliable 
on  accoimt  of  being  most  fully  developed. 

b.  The  1200-volt,  direct-current  system  is  somewhat  cheaper 
in  cost  than  the  600-volt  system,  but  is  as  yet  an  untried  system. 

c.  The  single-phase,  alternating-current  system  will  in  most 
cases  show  material  saving  in  cost  over  the  direct-current  sys- 
tems, and  has  been  developed  to  a  point  where  it  may  be 
considered  commercially  successful  and  capable  of  giving 
satisfaction  in  operation,  if  properly  proportioned  for  the 
service  to  be  performed. 

There  are  certain  conditions  which  render  the  alternating-cur- 
rent motor  system  tmduly  expensive  or  impracticable;  namely, 
the  enforced  use  of  a  frequency  greater  than  30  cycles,  the 
presence  of  grades  greater  than  8  per  cent.,  or  the  necessity 
of  obtaining  perfectly  balanced  three-phase  load  under  all  con- 
ditions. In  such  cases,  the  1200-volt  or  the  600-volt  direct- 
current  system  will  prove  the  most  economical,  preference  being 
given  to  the  latter  although  the  cost  of  installation  will  be  greater. 

The  single-phase,  alternating-current  and  1200-volt,  direct- 
current  equipments  may  both  be  made  to  operate  satisfactorily 
on  standard  600-volt,  direct-current  systems,  and  assuming  equal 
reliability,  the  question  becomes  one  of  first  cost  and  economy 
in  operation.  The  following  table  will  show  approximately 
the  relative  cost  of  a  typical  suburban  road  with  the  several 
systems. 

It  is  of  interest  to  compare  the  operating  economy  of  the 
three  systems,  eliminating  those  items  which  are  of  equal  value 
in  each.  The  comparison  given  below  is  based  on  coal  at  $3.00 
per  ton;  coal  consumption  3.5  lb.  per  kilowatt-hour;  sub-station 
attendance  $1750  per  annum;  maintenance  of  car  equipments, 
0.4c.  per  car-mile  for  600-volt    direct    current.  0.5c.  for  1200- 
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volt  direct  current,  and  0.6c.  for  alternating  current,  and  fixed 
charges  at  10.5%. 


CoicpARATivi  Cost  Pbk  Milb.  SmcLB  Track. 


Roadbed  complete  including  grading,  ballasting,  etc 

Trolley  and  feeder  inrtalled 

Track  bonding 

Transmission  line,  installed 

Sub-stations,  installed 

Power  station,  installed 

Can  and  equipment 

Telephone 

Total 

Saving  over  600  volts,  direct  current 


Direct 
current 
600  volts  1200 


$16,000 
3,800 
600 
1.500 
2.200 
2.450 
1.800 
120 


827.470 


Direct 
current 
volU 


$15,000 
3.000 

530 
1.500 
1.600 
2.450 
1.970 

120 


826.170 
1.300 


Alternating 

current 
6600  volts 


815.000 
2.100 

480 
1.300 

600 
2.570 
2.300 

120 


824.470 
3.000 


Rblativb  Operating  Cost  Pbr  Mile  Single  Track  Per  Annum. 


Per  mile  of  tmck.  one-hour  headway 

Direct 
current 
600  volts 

Direct 

current 

1200  volts 

Alternating 

current 
6600  volts 

Car-miles  per  day 

64 
275 
470 
175 

94 
8739 

64 
275 
470 

79 

117 

8366 

73 
137 

64 

Kilowatt-hours  per  day  at  power  house 

Cost  of  coal  per  annum 

245 
419 

Cost  of  sub-station  attendance 

46 

Maintenance  of  motors  and  control 

140 

Total 

8605 

Saving    over    OOO.volt     direct    current    exclusive    of 
fixed  charges 

134 

Saving  in  fixed  charges 

315 

Total  annual  «i^vine   

8210 

8449 

Another  method  of  comparison  is  to  capitalize  the  annual 
saving  exclusive  of  fixed  charges.  Assuming  fifteen  years  as 
the  average  life  of  equipment  and  construction  work,  the  present 
value  of  the  annual  saving  in  operating  expenses  per  mile  of 
track  at  5%  interest  will  be : 

For  the  1200- volt,  direct-current  system S  756 

To  which  add  saving  in  first  cost 1300 


Making  the  total  capital  value  of $2056  =  7.5% 

And  for  the  6600- volt,  single-phase  system 1390 

To  which  add  saving  in  first  cost 3000 


Making  total  capital  value  of $4390=  16% . 
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The  above  comparison  is  based  on  service  and  construction 
conditions  applying  to  the  typical  high-speed  interurban  elect- 
ric railway,  the  fundamental  assumptions  and  principal  data 
being    as   follows; 

Length  of  road,  50  miles  or  more. 

Cars  62  ft.  over  all,  weighing  21  tons  without  equipment  or 
load  and  seating  56  passengers. 

Car  equipment,  four  76-h.p.  motors. 

Maximum  speed  on  tangent  level  track,  45  miles  per  hr. 

Schedule  speed  24  miles  per  hr.  including  stops  and  slow 
running  through   towns. 

Headway,  maximum  service,  0.5  hour. 

Frequency  of  stops,  one  in  two  miles,  interurban. 

Average  car  energy,  85  watt-hours  per  ton-mile  at  car. 


Direct 

Direct 

current 

current 

600  volu 

1200  voltB 

$10,800 

$11,800 

10  miles 

22  miles 

26% 

.      26% 

71% 

71% 

75% 

76% 

96% 

96% 

Alternating 

current 
6600  volts 


Cost  of  cars  equipped 

spacing  of  sub-stations 

BAaximum  voltage  drop,  trolley  line 

Efficiency  of  system,  generator  bus- bars  to  cars 

Average  efficiency  car  equipment 

Average  power-factor  of  system 


$13,800 

32  miles 

10% 

84% 
73% 
85% 


As  the  1200- volt,  direct-current  system  is  still  in  process  of 
development,  a  brief  description  may  prove  of  interest. 

The  roads  which  are  now  being  equipped  may  be  divided  into 
three  classes:  1.  Those  which  are  required  to  operate  on  600- 
volt  direct  current  at  full  maximum  speed  as  on  the  1200- volt 
sections;  2.  Those  which  are  required  to  operate  on  600- volt 
direct  current  but  at  approximately  half  maximum  speed ;  and 
3,  those  which  operate  only  on  1200-volt  trolley. 

The  first  class  requires  motors  wound  for  600-volts  but  de- 
signed to  stand  1200  volts  without  danger  of  flashing  or  injury 
to  the  insulation.  The  motors  are  connected  four  in  multiple 
when  run  on  600  volts  and  in  two  parallel  groups  of  two  motors 
in  series  when  run  on  the  1200-volt  sections. 

In  the  second  and  third  classes  the  motors  may  be  wound 
for  either  600  or  1200  volts,  preference  being  given  to  the  latter 
on  account  of  improvement  in  tractive  power  at  the  slipping  point 
of  the  wheels.  In  order  to  obtain  satisfactory  commutation 
qualities  and  to  control  the  tendency  to  flash  at  the  commutator 
at  the  high  voltages  encountered,  all  motors  for  the  1200-volt 
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system  are  proWded  with  a  compensating  winding  in  the  shape 
of  series  wound  auxiliary  poles  located  midway  between  the 
magnetizing  poles  and  so  proportioned  as  to  neutralize  the 
armature  reaction  under  all  loads.  The  additional  insulation 
required  causes  the  motors  to  weigh  \b%  to  20^  more  for  a 
given  output  than  600-volt  motors.  This  additional  weight  is 
not  due  to  the  inter-pole  construction,  as  on  the  basis  of  equal 
voltages  the  inter-pole  motor  will  weigh  about  the  same  or  a 
little  less  than  the  standard  railway  motor. 

The  control  system  is  substantially  the  same  as  that  used  on 
the  600-volt  system,  with  the  exception  of  some  slight  changes 
in  the  insulation  of  the  primar>'  circuits.  The  secondary  circuits 
are  all  energized  at  600  volts,  as  are  also  the  car  heaters  and 
lights,  and  for  this  purpose  a  small  dynamotor  is  furnished  for 
use  when  run  on  1200  volts,  the  function  being  to  change  the 
voltage  to  600.  The  capacity  of  this  d>Tiamotor  as  furnished 
with  quadruple  75-h.p.  equipment  is  38  amperes,  which  provides 
for  the  lighting,  heating,  and  air-ptunp  circuits  for  one  car, 
and  secondary  control  circuit  for  a  train  of  six  cars. 
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Discussion  on   "High-Voltage  Direct-Current  and  Alter- 
nating-current  Systems  for  Interurban  Railways," 
AT  THE  Chicago  Branch,  March  26,  1907. 

James  Lyman :  No  branch  of  engineering  is  more  active  than 
that  engaged  in  the  electrification  of  transportation  systems, 
so  Mr.  Davis'  paper  is  as  timely  as  it  is  interesting  and  instructive. 
The  network  of  interurban  railways  in  the  middle  West  is  one 
result  of  this  activity.  There  is  one  system  of  electric  rail- 
ways centering  in  Indianapolis  having  400  or  500  miles  of  road, 
and  another  in  the  central  part  of  Illinois  having  about  300 
miles  of  road,  with  150  miles  more  now  under  construction. 

Mr.  Hesing:  It  has  been  pretty  well  demonstrated  what  the 
600- volt,  direct-current  motor  will  do,  but  possibly  it  is  not  quite 
so  well  understood  what  the  alternating-current  motor  will 
do.  Just  at  present  I  have  charge  of  a  little  alternating- 
current  line,  and  maybe  a  short  description  of  what  we 
do  will  be  of  some  interest.  We  operate  at  3300  volts. 
The  line  is  about  22  miles  long,  with  no  sub-stations  whatever: 
We  have  a  00  trolley  wire.  In  fact,  we  started  out  with  two 
00  trolley  wires,  and  one  was  moved  over  to  the  pole  and  now 
acts  as  a  feeder.  The  cars  are  not  very  large,  about  35  tons, 
requiring  75-h.p.  motors.  To  my  mind,  the  operation  has  been 
very  satisfactory.  Our  records  show  that  the.  cars  have  run 
from  75,000  to  85,000  miles  with  only  one  furbishing  of  the  com- 
mutators, and  they  run  from  5,000  to  6,000  miles  with  one  set 
of  carbon  brushes.  We  subject  our  cars  to  pretty  severe  treat- 
ment. They  are  geared  for  42  miles  an  hour,  and  as  the  road 
is  quite  small  and  sometimes  pushed  beyond  its  capacity,  a 
couple  of  ordinary  flat  cars  are  used  for  trailers,  side  boards 
are  put  aroimd  them  and  folding-chairs  are  provided.  These 
are  called  **chair  cars",  and  probably  600  or  800  people  are  hauled 
at  a  load.     It  doesn't  look  very  nice,  but  it  pays. 

I  am  glad  that  the  speaker  says  the  alternating-current  system 
is  of  so  much  value.  I  can  hardly  see  how  it  can  be  improved 
upon,  except  in  one  particular — the  acceleration  of  the  motors 
is  slow.  Our  stops  are  not  frequent,  but  where,  as  in  the  city 
practice,  stops  are  very  frequent,  I  think  the  service  would  be 
a  little  bit  slow.  Paralleling  the  Alton,  when  we  made  a  nm 
for  that,  we  had  no  trouble  whatever  to  give  the  same  service 
as  the  expensive  red  train.  So  I  think  that  for  a  little  road — 
really  an  experimental  road — the  alternating-current  system 
is  the  thing  to  use. 

Mr.  Gould :  Having  bad  experience  only  with  the  standard 
600-volt,  direct-current  system,  I  am  more  in  the  nature  of  a 
questioner.  I  would  like  to  ask  Mr.  Davis  as  to  the  relative 
costs  of  maintenance  of  the  line  and  trolley  system  of  the  two; 
that  is,  how  much  does  the  line  maintenance  of  the  alternating- 
current  system  exceed  that  of  the  600-volt,  direct  current-system  ? 

W.  J.  DaviSy  Jr. :    The  single-phase  system  has  not  been  in 
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operation  sufficiently  long  to  permit  complete  standardization 
of  the  line  material.  Such  experience  as  we  have  had, 
however,  indicates  that  a  6600-volt  overhead  trolley  system 
using  catenary  construction  may  be  made  very  reliable  and 
durable,  and  should  give  a  maintenance  cost  at  least  equal  to 
the  best  600- volt,  direct-current  construction. 

Peter  Junkersfeld:  In  making  comparisons  on  the  cost,  I 
notice  that  Mr.  Davis  has  used  a  figure  of  10.5%  fixed  charges 
and  he  has  applied  that  to  all  three  systems.  It  seems  to 
me  from  what  I  have  heard  and  from  what  Mr.  Davis  has  told 
us,  that  if  10.6%  is  fair  for  the  600-volt  system  it  is  liable  to  be 
somewhat  low  for  the  other  two  systems,  for  the  reason  that 
they  are  somewhat  new  and  im tried.  It  seems  quite  low  to  me 
even  for  the  600-volt  system. 

W.  J.  Davis,  Jr.:  That  10.5%  does  not  represent  maintenance. 
It  simply  represents  interest,  taxes,  insurance,  depreciation,  and 
charges  of  that  nature,  with  interest  at  5%.  These  are  inde- 
pendent of  the  kind  of  system  used.  The  depreciation  has  been 
taken  the  same  for  each  system ;  that  is,  life  of  buildings  40  years, 
copper  and  line  equipment  20  years,  rolling  stock  15  years. 
These  values  are  rather  low  than  otherwise  for  a  good  system. 
It  is  possible  to  get  more  than  15  years  out  of  modem  car  equip- 
ments, if  well  maintained. 

Peter  Junkersfeld:  What  I  have  in  mind  is,  on  the  new  and 
untried  systems  there  would  be  quite  a  considerable  **  anti- 
quation  charge";  that  is,  the  system  will  probably  be  perfected 
a  great  deal  more  in  the  next  five  or  ten  years,  and  part  of  the 
equipment  will  probably  then  be  obsolete. 

W.  J.  DaviSy  Jr.:  That  is  true.  Taking  that  into  consideration 
the  fixed  charges  should  be  somewhat  higher. 

Peter  Junkersfeld:  And  that  in  time  would  make  it  a  little 
more  favorable  to  the  600-volt  system.  Another  question: 
how  does  the  maximum  allowable  drop  compare  in  the  two 
systems  ? 

W.  J.  DaviSy  Jr. :  The  maximum  momentary  drop  permissible  in 
the  600-volt  system  should  not,  as  a  rule,  exceed  50%;  most  sys- 
tems are  usually  calculated  for  about  25%.  The  latter  condition 
will  give  about  5%  average  energy  drop,  depending  upon  the 
frequency  of  the  service,  grades,  and  other  conditions.  In 
the  6600-volt,  single-phase  system  the  average  allowable  drop 
in  the  secondary  distributing  system  is  usually  fixed  at  5%, 
including  that  in  the  rail  return,  with  swings  approaching  10%. 
It  must  be  remembered  that  in  the  alternating-current  system 
the  drop  in  the  various  sections  between  the  car  and  the  power 
station  bus-bars  is  ciunulative.  In  addition  to  the  drop  in  the 
trolley  line  and  track,  there  is  an  energy  drop  and  reactive  drop 
in  the  step-dowTi  transformers,  transmission  line,  and  step-up 
transformers.  Finally,  there  is  the  regulation  of  the  generators 
and  the  drop  in  speed  of  the  engines  when  the  car  starts.  These 
are  all  cumulative  in  their  effect.     In  a  direct-current  system. 
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on  the  other  hand,  we  have  only  to  consider  the  drop  from  the 
sub-station  bus-bars  to  the  car.  For  the  above  reasons  it  is 
necessary  and  desirable  to  allow  a  much  smaller  maximiun 
drop  in  an  alternating-current  system  than  in  a  direct-current 
trolley  system.  A  maximum  voltage  drop  of  10%  in  trolley 
and  track  of  a  single-phase  system  will  often  correspond  to  25 
or  30%  drop  in  the  whole  system. 

W.  A.  Blanck:  Mr.  Davis  makes  a  statement  about  40% 
of  these  roads  being  single-phase  roads.  I  must  say  I  have 
enjoyed  the  statement  very  much,  because  we  have  tried  in  the 
middle  West  to  find  railways  on  which  we  could  use  the  single- 
phase  system.  Most  of  those  we  have  investigated  f  o<ind  it  almost 
prohibitive  to  use  the  single-phase  system,  because  of-  exchang- 
ing rolling  stock  with  other  roads  and  nmning  into  the  cities 
where  direct  current  is  used.  Furthermore,  we  find  it  very  diffi- 
cult always  to  use  high  potential  in  the  cities  themselves.  Is 
it  possible  to  overcome  these  difficulties?  Most  of  our  systems 
run  into  cities  where  we  can  not  use  the  alternating-current 
system  to-day. 

Mr.  Davis  proposes  to  put  the  sub-stations  about  32  miles 
apart,  which  would  give  16  miles  on  each  side  for  one  section. 
That  is  rather  long  and  it  makes  the  section  dependent  on  any 
kind  of  breakdown  in  that  long  section,  so  that  more  sub- 
divisions with  feeders  or  more  frequent  sub-stations  will  be 
required.  Have  these  questions  been  investigated,  and  has 
any  difficulty  been  found  in  placing  the  sub-stations  so  far 
apart  ? 

W.  J.  Davis,  Jr. :  I  do  not  think  it  necessary  to  place  sub-stations 
closer  together,  because  of  possible  unreliability  in  the  secondary 
distributing  system.  It  might  be  well  to  have  a  switch  on  a 
pole  suitably  located  so  that  a  part  of  the  line  may  be  cut  out  for 
repairs.  If  the  line  is  properly  erected,  a  30-mile  section,  where 
cars  are  operating  normally  on  one-hour  headway  with  a  maxi- 
mum of  one  half-hour  headway,  ought  not  to  be  considered  ex- 
cessive in  the  light  of  past  experience.  The  time  may  come 
in  the  development  of  the  alternating-current  system  when 
sub-stations  will  be  omitted  entirely  and  11,000  volts  will  be 
fed  direct  into  the  trolley  with  power  stations  located  30  to  »5() 
miles  apart.  If  the  load-factor  is  sufficiently  good  to  warrant 
the  use  of  this  arrangement,  the  system  is  reduced  to  the  basis 
of  the  ordinary  city  railway  system  so  far  as  simplicity  and 
reliability  are  concerned.  Some  of  the  6600- volt,  single-phase 
roads  now  being  installed  will  feed  out  15  or  16  miles  from  one 
sub-station. 

W.  A.  Blanck:  It  is  necessary  to  enter  cities  with  interurban 
roads.  If  steam-road  conditions  prevailed,  if  there  were  isolated 
terminals,  an  alternating-current  system  would  be  practicable, 
but  interurban  roads  generally  terminate  in  a  city,  and  must 
operate  therein  by  the  direct-current  system.  We  are  all  con- 
vinced that  the  alternating-current  system  is  a  coming  system — 
much  less  investment  for  same   amount   of  traffic   done — but 
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present  operating  conditions  almost  make  it  prohibitive  to  put 
it  in. 

W.  J.  DaviSy  Jr. :  So  far  as  the  motor  is  concerned,  the  alterna- 
ting-current motor  can  be  built  to  operate  as  well  on  direct 
current  as  the  ordinary  direct  currrent  motor.  Several  in- 
stances have  come  under  my  observation  where  a  combination  of 
the  600^volt,  direct -current  and  1B,600-volt  single-phase  sytems 
has  made  it  possible  to  secure  an  increased  economy  in  opera- 
tion and  also  a  consideriable  saving  in  cost. 

I  have  in  mind  the  case  of  a  road  65  to  70  miles  long.  On 
the  first  15  miles  the  ser-'ice  will  be  extremely  heavy,  requiring 
the  operation  of  two-  or  three-car  trains  on  15-minute  headway 
with  frequent  stops.  The  rest  of  the  road  will  require  the  ser- 
vice of  single  cars  every  hour.  There  will  be  required  a  rolling 
stock  equipnient  of  about  30  cars,  of  which  25  will  oper- 
ate on  the  15-mile  suburban  section  and  the  remaining 
five  on  the  longer  interurban  section.  A  straight  single-phase 
system  \\ill  prove  objectionable  on  account  of  the  intrinsically 
higher  cost  of  the  car  equipments,  due  to  the  frequent  ser\dce. 
on  the  other  hand,  the  straight  direct -current  system  will  prove 
expensive  on  account  of  the  larger  number  of  synchronous 
converter  sub-stations  required  on  the  40-mile  interurban  section. 
A  combination  of  these  two  systems,  the  15-mile .  suburban 
system  being  equipped  for  direct  current  and  the  40  miles  inter- 
urban section  for  alternating  current,  will  prove  cheaper  in  first 
cost  and  more  economical  to  operate  than  either  system  con- 
sidered separately.  This  combined  system  will  require  two 
alternating-current  sub-stations  on  the  40-mile  interurban 
section,  two  direct-current  sub-stations  on  the  15-mile  suburban 
section,  twenty-five  direct-current  equipments,  and  five  single- 
phase  equipments.  The  objection  from  an  operating  stand- 
point of  having  two  types  of  motors  is  more  than  counterbalanced 
by  the  possibility  of  securing  the  most  desirable  operating 
features  of  both  systems  with  the  objectionable  features  of 
each    reduced   to   a   minimum. 

T.  F.  Clohesey:  What  is  the  relative  efficiency  of  these 
motors  while  running?  For  instance,  a  300-h.p.  car  at  full 
load  alternating  current  and  then  when  it  enters  a  dty  and  has 
to  operate  on  direct  current?  What  is  the  efficiency  of  the  same 
car  provided  there  are  no  stops? 

W.  J,  Davis,  Jr.:  It  will  be  about  2%  better  on  direct  current 
than  on  alternating  current. 

W.  A.  Blanck:  Have  you  overcome  all  the  difficulties  now 
in  regard  to  interference  with  telephone  lines?  I  have  heard 
that  in  the  East  especially  there  are  frequent  complaints  from 
telephone  subscribers  in  the  interurban  districts — they  have 
complained  of  interference  with  the  service. 

W.  J.  Davis,  Jr.:  There  were  complaints  in  the  early  days, 
because  we  had  no  operating  experience  with  the  actual  con- 
ditions existing  between  the  telephone   lines  and  the   single- 
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phase  lines,  but  within  the  last  year  we  have  found  out  how  to 
cure  all  of  the  troubles.  I  do  not  know  of  a  single  case  where, 
if  proper  consideration  is  given  to  the  system  when  it  is  first 
put  in,  there  should  be  any  trouble  with  the  telephones. 

W.  A.  Blanck:  There  is  another  very  interesting  question 
to  be  settled — ^the  bow  versus  the  trolley.  In  the  different  tests 
mentioned,  which  arrangement  has  been  used  for  collecting 
the  current  from  the  conductor? 

W.  J.  Davis,  Jr. :  That  question  is  probably  the  most  vital 
of  the  whole  alternating-current  system.  No  overhead  collect- 
ing device  has  yet  been  devised  which  experience  has  shown  to 
be  safe  and  reliable  and  to  have  a  low  maintenance  at  a  speed 
exceeding  60  miles  an  hour.  The  third-rail  is  the  only  system 
which  has  been  proved  to  be  absolutely  satisfactory.  There 
have  been  several  bow  collectors  designed,  but  none  of  these 
has  been  operated  long  enough  to  show  exactly  what  mainte- 
nance could  be  expected  from  it.  After  a  little  more  experi- 
ence we  may  probably  produce  some  form  of  collector  which  will 
have  a  longer  life  than  the  present  form. 

W.  A.  BUnck:  What  difficulty  have  you  experienced  in  regard 
to  the  suspension  of  the  trolley  wire  in  the  catenary  form. 
Where  the  suspension  points  are  less  than  three  feet  apart,  do 
you  find  in  running  60  miles  an  hour  that  each  point  gives  a 
particular  shock  or  kick  to  the  bow,  or  do  you  overcome  these 
difficulties?  Have  you  been  able  so  far  to  see  what  it  will 
take  to  keep  up  the  catenary  construction  work?  Have  you 
any  data  on  these  matters? 

W.  J.  DaviSy  Jr. :  No;  we  haven't  any  data  to  cover  any  period 
of  time  of  sufficient  length  to  be  reliable.  The  suspension  points 
in  my  opinion  ought  to  be  15  to  18  ft.  apart ;  this  spacing  giving 
the  best  results  at  high  speeds  where  bow  collectors  are  used. 
Where  a  wheel  collector  is  used,  the  spacing  between  suspensions 
may  be  made  50  ft,  or  about  three  to  the  interval  between 
poles. 

W.  A.  Blanck:  Have  you  found  it  necessary  in  your  exeri- 
ence  to  bond  both  tracks  for  single-phase  service?  or  do  you 
think  it  is  sufficient  to  have  only  one  track  rail  bonded,  and  in 
case  of  double  track  to  have  one  cross-bond  every  half  mile 
or  so,  or  do  you  find  it  necessary  to  put  a  bond  on  each  track? 

W.  J.  Davis,  Jr. :  It  *s  usual  to  bond  both  tracks,  because  of 
greater  safety,  but  I  do  not  think  there  would  be  any  great 
danger  if  only  one  track  were  bonded.  In  many  high-tension 
systems  a  ground  wire  is  carried  on  the  poles  as  a  lightning  pro- 
tection. If  that  ground  wire  were  connected  to  the  rail  at  suit- 
able intervals  trouble  would  be  prevented. 

W.  A.  Blanck:  My  special  question  with  reference  to  that 
is  whether  one  of  the  rails  can  not  be  used  for  signal  service, 
and  if  it  is  what  interference  is  there  from  having  only  one  rail 
bonded  and  alternating  current  in  one  rail,  while  perhaps  there 
is  another  frequency  for  single  phase  in  the  second  rail,  which 
I  understand  to  a  certain  degree  is  used  in  the  New  York  Central. 
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W.  J.  Davis,  Jr. :  I  do  not  know  of  any  case  where  that  ar- 
rangement is  used,  but  I  can  think  of  no  objections  to  it.  It 
woidd  appear  to  be  perfectly  safe  if  a  ground  wire  is  run  in  con- 
nection with  the  track  return. 

L.  IL  Zapp:  Mr.  Davis,  in  his  statement  as  to  direct -current 
efficiency,  said  I  think  71  per  cent,  from  power  station  to  the 
car  on  600  volts.     Is  not  that  rather  high  ? 

W  J.  Davis,  Jr. :  The  value  given  is  based  on  90%  efficiency 
for  the  trolley  system,  83%  for  sub-stations,  including  transform- 
ers and  synchronous  converters,  and  95%  for  the  transmission 
line. 

L.  M.  Zapp:  Of  course  that  would  depend  on  the  load- 
factor  and  also  on  the  magnitude  of  the  system,  whether  it  is 
only  a  50-mile  system  operating  from  one  power  station,  or  a 
300-mile  system.  The  load-factor  on  an  interurban  line  operat- 
ing half-hour  or  even  hotu*  schedules  will  very  seldom  be  greater 
than  35%,  if  storage-batteries  are  not  used.  May  I  ask  Mr. 
Gould  if  he  remembers  just  what  his  figures  are? 

Mr.  Gould:    They  will  not  average  35%. 

W.  J.  Davis,  Jr.:    Do  you  remember  what  your  efficiency  is? 

Mr.  Gould:    About  75%  from  the  sub-stations  bus-bar. 

L.  M.  Zapp:  In  a  paper  written  by  Mr.  A.  S.  Richey,  electri- 
cal engineer  of  the  Indiana  Union  Traction  Company,  he  said 
that  the  average  efficiency  of  transmission  from  power  station 
to  the  car  motors  on  that  system  was  a  little  better  than  56%. 
That  was  on  about  a  300-mile,  single-track  system.  I  was  connect- 
ed with  that  road,  and  I  remember  that  with  13  sub-stations  we 
got  an  average  efficiency  from  power  station  bus-bars  to  sub- 
station bus-bars  of  about  70%.  The  sub-stations  would  average 
about  15  miles  apart.  The  feeder  was  nearly  all  500,000  cir- 
cular mils.  Mr.  Richey's  later  tests  showed  that  the  average 
efficiency  to  the  car  motor  was  only  about  55  or  56%.  That 
being  the  case,  it  would  make  the  figures  still  more  favorable 
to  the  alternating-current  railway. 

I.  E.  Brooke:  In  the  alternating-current  system  with  sub- 
stations 32  miles  apart,  what  system  of  lightning  protection  is 
used  for  the  catenary?  Is  there  any  other  protection  than 
that  at  the  sub-stations  themselves? 

W.  J.  Davis,  Jr:  I  think  it  would  be  well  to  have  lightning- 
arresters  more  frequently  than  at  the  sub-stations.  It  is  usual 
to  place  pole  arresters  about  one  mile  apart. 

I.  E.  Brook:  It  is  a  simple  matter  in  a  direct -current  system 
to  put  up  a  lightning-arrester  on  a  pole  every  1000  ft.  or  so. 
.  ith  6000  volts  it  is  a  different  proposition. 

W.  J.  DaviSy  Jr.:     Yes;  they  should  be  boxed  in. 

I.  E.  Brook:  What  are  railway  engineers  doing  at  present 
with  three-phase  motors  for  heavy  power  work?  Has  that 
proposition  been  dropped  or  are  they  still  considering  it? 

W.  J.  Davis,  Jr. :  There  is  quite  a  well  defined  field  for  the 
three-phase  motor.    That  field^  however,  apparently  does  not 
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exist  in  intenirban  railway  work,  but  it  has  been  foiind  to  be 
especially  applicable  to  hauling  trains  on  heavy  mountain  grades 
reaching  2%  and  2.5%  and  covering  sections  of  10  to  30  miles. 
By  the  use  of  the  three-phase  motor,  it  is  possible  without 
material  complication  in  the  control  system  to  return  power 
to  the  line  on  descending  grades.  Power  saved  by  such  regen- 
eration is  of  secondary  importance,  however,  as  the  greatest 
gain  is  made  by  the  saving  in  wear  on  wheels  and  brake-shoes. 

The  company  with  which  I  am  connected  has  not  yet  built 
a  locomotive  of  this  type,  but  a  large  number  of  designs  have 
been  investigated,  and  there  are  no  physical  reasons  why  such 
locomotives  cannot  be  built  as  powerful  and  as  reliable  as  direct* 
current  or  single-phase  locomotives. 

H.  R.  King:  What  is  the  character  of  the  station  in  a  120D- 
volt -direct-current  equipment ;  that  is,  the  character  of  the  gener- 
ator equipment? 

W.  J,  Davis,  Jr.:  With  one  exception  the  roads  now  being 
built  will  use  two  synchronous  converters  connected  in  series.  It 
is  perfectly  feasible  to  build  reliable  1200- volt,  direct-current 
generators  or  synchronous  converters. 

Mr.  Hatch:  In  regard  to  the  1200- volt  line  now  btiilding 
from  Seymour  to  Sellersburg.  If  I  remember  aright  the  cur- 
rent out  of  Indianapolis  is  550  volts;  then  there  is  a  stretch 
using  1200  volts,  and  on  the  other  end  of  the  line  I  believe  it 
is  650  volts.  Will  they  be  able  to  nm  any  car  clear  through 
on  that  line? 

W.  J.  Davis,  Jr. :  Yes;  the  motors  will  be  wound  for  600  volts, 
and  on  the  550-  and  650-volt  sections  they  will  run  at  full 
maximum  speed  with  motors  in  multiple.  For  1200  volts,  the 
motors  will  be  connected  in  groups,  two  series,  two  multiple. 

Mr.  Hatch:  Would  there  nave  to  be  very  much  change  in 
an  ordinary  direct -current  car  to  do  that  ? 

W.  J.  Davis,  Jr.:  No;  simply  having  a  commutating  switch 
which  will  change  the  grouping  of  the  motors  as  the  car  passes 
from  one  section  to  the  other. 

Mr.  Hatch:     Practically  the  same  speed? 

W.  J.  Davis,  Jr. :  Yes.  The  volts  per  motor  will  be  the  same 
for  1200-  as  for  600-volt  operation.  There  may  be  cases  where 
it  is  desirable  to  run  at  half  speed  on  the  600-volt  section ;  namely, 
within  city  limits.  Here  it  might  be  well  to  use  a  1200-volt 
motor,  although  the  same  result  can  be  obtained  by  connecting 
in  series-multiple  groups,  using  600-volt  motors. 

E.  N.  Lake:  What  rate  of  acceleration  have  they  been  able 
to  attain  with  the  later  single-phase  equipments? 

W.  J.  Davis,  Jr. :  That  depends  on  the  size  of  the  motor  and 
gear-reduction.  Most  interurban  single-phase  cars,  geared 
for  40  to  45  miles  an  hour  with  four  75-h.p.  motors,  42- 
ton  car,  will  give  about  one  mile  per  hour  per  second  rate  of 
acceleration.  As  a  matter  of  fact,  it  is  not  essential  to  have  a 
very  high  rate  of  acceleration  for  interurban  work,  because  the 
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Stops  are  infrequent  (averaging  about  one  in  two  miles)  and 
the  difference  between  one  mile  per  hour  per  second  and  a  mile 
and  a  quarter  per  hoiu-  per  second,  would  not  materially 
affect  the  running  time. 

James  Lyman:  Mr.  Junkersfeld  has  referred  to  the  depreda- 
tion percentage.  Mr.  Davis'  figures  are,  I  think  conserv- 
ative. In  the  development  of  a  new  line  of  apparatus, 
liltt;  this  altemating-current-direct-current  car  equipment,  it  is 
understood  that  there  are  some  features  that  undoubtedlv  will 
become  obsolete  after  a  time  and  will  have  to  be  replaced. 
There  is  also  a  good  deal  of  apparatus  that  can  be  depended 
upon  as  reliable  and  as  slow  in  depreciation  and  good  for 
many  years.  The  question  that  confronts  the  railn>ad  en- 
gineer is  whether  it  is  not  better  on  new  work  where  the  con- 
ditions are  favorable  to  get  in  line  at  the  start  for  the  alternat- 
ing-current type  of  apparatus  that  will  soon  become  standard 
practice  and  which  will  eventually,  if  not  at  once,  show  marked 
economy  over  the  standard  600- volt,  direct-current  system. 
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LIGHTNING  PHENOMENA  IN  ELECTRIC  CIRCUITS. 


BY  CHARLES  P.  STEINMETZ. 


1.  Originally  lightning  denoted  electric  discharges  between 
clouds  or  between  cloud  and  ground,  and,  when  applied  to 
an  electric  circuit,  the  results  of  such  a  discharge  striking  the 
line.  Later  it  was  found  that  during  atmospheric  disturbances, 
such  as  passing  thiinder  storms,  disturbances  occurred  in  electric 
circuits  even  without  the  discharges  striking  the  line.  These 
disturbances,  caused  by  induction,  were  also  classed  as 
"  lightning."  and  applied  to  electric  circuits,  lightning  then 
came  to  mean  all  the  effects  of  atmospheric  electricity. 

With  the  introduction  of  electric  circuits  of  higher  voltage  and 
larger  electrostatic  capacity,  phenomena  were  observed  in  such 
circuits  of  the  same  character  and  effect,  and  requiring  the  same 
protective  devices,  as  the  disturbances  caused  by  atmospheric 
electricity,  even  in  cases  where  atmospheric  effects  were  ex- 
cluded, as  in  underground  cable  systems.  The  term  lightning 
when  applied  to  electric  circuits,  therefore,  was  extended  to 
cover  also  these  effects,  which  are  due  to  internal  circuit  changes, 
as  changes  of  load,  discharges  through  weak  places  of  the  insu- 
lation, etc. 

The  damage  done  by  lightning  to  telegraph  and  telephone 
circuits  being  relatively  small  compared  with  the  disastrous  ef- 
fects occasionally  occurring  in  high -potential  systems  of  large 
power,  it  was  acknowledged  that  frequently  most  of  the  damagfe  is 
done  by  the  power  generated  in  the  system ;  the  atmospheric  or 
other  disturbance  merely  started  the  phenomenon.  The  term 
lightning  was  thus  once  more  extended  to  include  all  the  abnor- 
mal phenomena  of  the  flow  of  generated  power  of  the  system 
which  result  from  an  atmospheric  or  other  disturbance. 
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In  its  most  general  meaning,  as  understood  now  when  dealing 
with  electric  circuits  and  their  protection,  lightning  denotes  all 
phenomena  of  abnormal  voltage  and  abnormal  frequency. 

The  lightning  phenomena  in   electric  circuits  then  comprise: 

External  lightning,  the  disturbances  due  to  atmospheric  elec- 
tricity. 

Internal  lightning,  the  disturbances  due  to  defects  of  the 
circuit  or  its  operation,  etc.,  and 

Surges,  that  is,  disturbances  in  the  flow  of  generated  power, 
brought  about  by  the  external  or  internal  lightning  and  depend- 
ing for  their  energy  on  the  power  of  the  generator  system,  hence 
frequently  destructive. 

2.  The  phenomena  of  abnormal  voltage  and  frequency  in 
electric  circuits  are  the  same  three  classes  of  phenomena  met  with 
in  the  disturbances  in  any  medium  which  is  the  seat  of  energy: 

1.  Steady  stress  or  gradual  electric  charge. 

2.  Impulse   or   traveling   wave. 

3.  Standing  wave  or  oscillation  and  surge. 

1.  Electric  Charge.  The  potential  difference  against  ground, 
or  pressure  of  the  total  electric  circtiit,  may  gradually  rise  by  an 
electric  charge  accumulating  in  the  circuit — just  as  in  a  body 
of  water,  a  river,  the  height  may  gradually  rise  imtil  the  water 
breaks  through  the  embankment — the  electric  charge  discharges 
across  the  lightning-arresters,  or  punctures  the  insulation, 
whichever  is  the  point  of  least  resistance. 

Some  causes  of  such  steady  and  gradual  accumulation  of 
electric  charge,  and  of  potential  difference  against  ground,  of 
an  electric  circuit,  are: 

a.  Collection  of  static  charge  from  rain,  or  snow-drift,  or 
from  fog,  carried  by  the  wind  across  the  line.  Illustrating  this 
on  a  three-phase  system  with  insulated  neutral,  it  will  be  seen 
that  the  potential  difference  against  ground,  which  normally  is 
symmetrical.  Fig.  1,  Curve  I,  gradually,  by  the  simultaneous 
static  charge  of  all  three  lines,  changes  to  Curves  II,  III  and  IV, 
until  the  maximum  potential  difference  against  ground  is  suf- 
ficient to  discharge  to  ground.  The  system  then  returns  to 
the  condition  Curve  I,  and  then  traverses  the  same  cycle  again. 
This  electrostatic  accumulation  of  charge,  in  the  case  of  efficient 
lightning  protection,  may  appear  as  a  series  of  discharges  over 
the  lightning  arresters,  which  periodically  follow  each  other, 

h.  Electrostatic  induction  from  a  passing  cloud.  _. .   / ,. 

Assuming,  for  instance,  a  positively  charged  cloud  passing 
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over  a  transmission  line.  The  ground  below  the  line  then  carries 
a  negative  electrostatic  charge,  corresponding  to  the  positive 
charge  of  the  cloud.     The  line  should  have  a  negative  charge 
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also,  even  higher  than  the  ground,  since  projecting  above  it.  If 
the  line  is  insulated  from  the  ground,  without  the  negative  charge 
required  for  electrostatic  equilibrium,  it  thus  appears  at  a  positive 
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potential  against  ground ;  that  is,  at  cloud  potential.  With  the 
approach  of  a  positively  charged  thunder  cloud  to  the  trans- 
mission line»  the  positive  potential  of  the  line  against  ground 
rises  until  a  discharge  takes  place  from  the  ground  to  the  line, 
charging  the  line  negatively.  Inversely,  with  the  cloud  reced- 
ing from  the  line,  the  line  remains  negatively  charged ;  this  charge 
not  being  bound  any  more  by  the  positive  charge  of  the  cloud, 
discharges  to  ground.  That  is,  during  the  approach  and  during 
the  recession  of  a  thunder  cloud,  discharges  may  occur  between  a 
transmission  line  and  the  ground;  in  the  former  case  with  the 
line  of  the  same  potential,  in  the  latter  case,  with  the  line  of 
opposite  potential  to  ground,  as  the  cloud,  and  due  to  a  gradual 
accumulation  of  electrostatic  potential  difference,  by  induction 
from  the  cloud. 


This  is  the  same  phenomenon  as,  in  the  electrophorus  of  the 
physical  laboratory,  an  equal  charge  appears  on  the  inductor 
when  approaching  it  to  the  resin  plate ;  an  opposite  charge  when 
withdrawing  it. 

c.  Potential  differences  between  line  and  ground  due  to  dif- 
ferences of  atmospheric  potential  in  different  regions  traversed 
by  the  line,  especially  if  the  line  passes  through  different  alti- 
tudes  as  valleys  and  mountain  ranges. 

d.  Accidental  electrostatic  charges  entering  the  circuit,  as 
friction  electricity  from  the  belt  cjf  belt-driven  machines. 

Somewhat  similar  phenomena  result  from: 

e.  Unsymmetrical  conditions  of  the  generator  potential. 
For  instance,  if  in  a  three-phase  system  one  line  is  grounded. 
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with  the  three-phase  voltage  e  between  the  lines  (Fig.  3)  and 

—7=.  between  hnes  and  neutral,  the  mean  potential  of  the  total 

system  is  that  of  the  neutral  point  A,  hence,  vrith  a  ground 
G  at  0,  the  total  system  as  a  whole  has  an  alternating  potential 

difference  0  /I  =  —7=1    against    ground,    and     induces    electro- 
V3 

statically  or  causes  other  disturbances,  with  this  potential  dif- 
ference. 

/.  Existence  of  higher  harmonics  in  the  electromotive  force 
wave  of  a  polyphase  system,  of  such  order  that  they  coincide 
in  the  different  phases ;  that  is,  the  whole  system  rises  and  falls 
with  their  frequency.  So  in  a  three-phase  system,  the  3d,  9th, 
15th,  etc.,  harmonics  coincide  and  may  cause  trouble,  where 


they  appear,  as  for  instance,  by  star  connection  or  primaries 
and  secondaries  of  transformers  with  grounded  neutral.* 

The  danger  of  such  accumulations  of  potential  lies: 

a.  In  their  liability  to  damage  the  insulation  of  the  system  by 
ptmcture,  and 

6.  In  their  liability  of  producing,  by  their  discharge,  other 
and  more  serious  disturbances. 

In  taking  care  of  these  by  lightning-arresters  arranged  to 
discharge  at  a  safe  margin  of  voltage  above  the  normal,  the 
main  problem  is  to  arrange  the  discharge  path  so  that  the  dis- 
charge passes  harmlessly;  that  is.  without  producing  other  dis- 
turbances. It  is  the  same  problem  as  in  the  protection  of  a 
watei -power  station  against  freshets  by  dam  and  overflow,  safely 
to  discharge  the  water  by  means  of  the  overflow. 

♦See  A.  I.  E.  E.  Proceedings,  November,  19D6,  Discussion. 
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3.  The  effects  of  steady  electrostatic  stress,  whether  uni- 
directional, a  to  (i,  or  alternating  as  e  and  /,  appear  not  only 
in  its  own  circuit,  but  also  in  circuits  in  inductive  relation  there- 
to, and  may  even  be  more  serious  in  secondary  circuits.  For 
instance,  let  Fig.  3  diagrammatically  represent  a  transmission 
system,  comprising  generating  station  Lq,  step-up  transformers 
r^,  transmission  line  Lp  step-down  transformers  7,,  primary 
distribution  circuits  L2,  a  local  lighting  transformer  T^,  and 
house  light  circuit  L,. 

All  these  circuits  have  capacity  against  ground,  and  the 
transformers  also  capacity  between  primary  and  secondary, 
and  as  regards  the  electrostatic  capacity,  the  system  can  dia- 
grammatically be  represented  by  Fig.  4. 

Let  Co,  Cj,  C3,  C3,  represent  the  capacities  against  ground 
respectively  of  the  generating  station  L^  and  the  circuits  Lj, 
L,.  L,   (including  the  capacities  of  the  corresponding  trans- 


O 


c« 


c; 


c, 


c^ 


Fig.4 


former  coils  against  ground)  and,  C/,  Cj',  C3',  the  capacities 
between  primary  and  secondary  of  the  transformers  T^  T-,  T^. 
An  electrostatic  charge  of  line  Lj,  giving  the  potential  differ- 
ence against  ground  Ci,  also  has  an  electrostatic  path  to  ground, 
over  the  two  capacities  C/,  and  Cq  in  series,  and  so  produces  a 
potential  difference  against  ground,  e^,  in  the  generator  circuit 
Lp,  which  is  intermediate  between  e^  and  0,  in  the  proportion 
of  the  capacities  C/  and  C^;  that  is, 


^M  -- 


(1) 


Cq  is  very  much  lower  than  e^,  but  the  circuit  L^  is  of  very  much 
lower  voltage  than  the  circuit  Lp  and  while  ^1  may  be  a  safe 
voltage  for  the  high-potential  insulation  of  Lj,  the  lower  voltage 
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e,,  may  be  beyond  the  safe  limit  of  the  insulation  of  the  low- 
potential  circuit  Lq. 

If  Lq  is  a  generating  station,  or  sub-station,  its  capacity  against 
ground,  Co,  is  so  large  compared  with  the  capacity  C/,  that  for 
steady  stress  the  voltage  e^  is  generally  negligible,  and  this 
phenomenon  is  appreciable  only  when  e^  is  an  alternating  po- 
tential, oi  the  high  frequency  of  an  impulse  or  oscillation. 
Hence  this  phenomenon  is  of  importance  only  where  the  ca- 
pacity of  the  low  potential  circuit  against  ground  is  small. 
This  may  be  the  case  in  a  house  lighting  circuit.  An  electro- 
static, or  alternating  voltage  (case  e  and  /)  e^  in  the  primary 
distribution  L,,  gives  an  induced  voltage: 

in  the  circuit  L,,  and  with  the  short  extent  and  low  capacitv 
C3  of  a  local  house- lighting  circuit,  and  a  voltage  e^  of  several 
thousand  volts,  e,  may  be  sufficient  to  involve  under  unfavor- 
able conditions  at  least  a  fire-risk.  The  voltage  e^  is  reduced 
by  reducing  the  effective  capacity  C/  by  grounding  the  trans- 
former core  and  case  of  T,;  but  entirely  eliminated  only  by 
grounding  the  circuit  C^. 

2.  Impulse  mid  Traveling  Wave.  4.  The  second  class  of  phen- 
omena is  the  impulse  or  traveling  wave.  A  sudden  local  elec- 
trostatic charge  of  a  transmission  fine,  as  by  a  lightning  stroke, 
or  inductively  by  a  lightning  flash  suddenly  discharging  a 
cloud,  or  any  other  sudden  local  change,  produces  a  wave  of 
potential  and  of  current  which  runs  along  the  line,  just  as  a 
water  wave  runs  over  the  ocean  surface. 

Such  a  potential  wave  or  impulse  is  very  high  and  of  steep 
wave-front  at  its  starting  point  or  point  of  impact,  but  gradu- 
ally broadens  and  flattens  out,  and  ultimately  disappears,  if 
the  line  is  of  unlimited  length;  just  as  the  wave  produced,  for 
instance,  by  throwing  a  stone  into  a  body  of  water  is  steepest 
at  the  point  of  impact  and  gradually  flattens  out  and  dis- 
appears. Successive  stages  of  such  a  traveling  electric  wave 
are  illustrated  by  Figs.  5  and  6. 

Such  a  wave,  when  reaching  the  end  of  the  line,  is  reflected 
and  thrown  back,  thus  returning  again  and  so  forming:  a  system 
of  nodes,  and  maxima,  as  shown  diagrammatical ly  in  Figs.  7 
and  8;  that  is,  a  standing  wave. 
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When  reaching  the  station — generating  or  sub-station — such 
a  traveling  wave  is  partly  reflected  by  inductance  of  reactive 
coils,  transformers,  instruments,  etc.,  and  partly  transmitted.  The 
different  reflected  .and  transmitted  waves  so  superpose  upon 


.^ 


zzs: 


zzs 


zzs 


■^S' 


each  other;  that  is,  the  impulse  is  broken  up  into  a  number  of 
secondary  impulses  and  local  standing  waves,  which  may  reach 
voltages  far  higher  than  that  of  the  traveling  wave,  just  as  an 
ocean  wave  when  approaching  the  beach  is  broken  up  into  th^ 
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surf,  with  wave-crests  far  exceeding  in  height  that  of  the  un- 
broken wave. 

The  complex  system  of  phenomena  resulting  from  the  ap- 
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proach  of  a  traveling  wave  to  a  station  is  analogous  to  the  breaking 
up  of  an  ocean  wave  into  surf,  and  may  indeed  be  called  "electri- 
cal surf/*  While  individual  eflects;  for  example  the  formation 
of  high-frequency  standing  waves  or  oscillations  from  an  electro- 
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static  impulse  entering  a  circuit  of  inductance  and  capacity, 
the  effect  of  an  inductance  in  the  path  of  an  impulse,  the  phe- 
nomena occurring  at  a  branching  point  between  two  circuits, 
etc.,  can  be  calculated,  the  complete  predetermination  of  all 
the  electrostatic  and  electromagnetic  effects  of  an  electric  wave 
entering  the  complex  system  of  circuits  of  a  station  is  no  more 
feasible  than  the  exact  calculation  of  the  motion  of  the  water 
particles  of  an  ocean  wave  when  it  breaks  as  surf  at  the 
beach. 

The  breaking  up  of  an  impulse  or  a  series  of  impulses  or 
traveling  waves  in  entering  a  station  appears  as  electrostatic 
displays,  sparks,  streamers,  and  brush  discharges  at  conductors, 
switchboards,  etc.,  the  so-called  **  static,"  which  signals  in  the 
station  the  existence  of  a  disturbance  on  the  line. 

The  general  equations  of  a  traveling  wave  are  of  the  form: 

00 

e  =  ^y*  €  Ak  cos  {k  c u—  wk)  cos  {k gt  —  <f)k) 

L 
{   «■ 

i  =  ^jk  £     **         Bk  cos3(/? c u  '  Wk')  cos  {kgt—  <i>k') 
1 

5.  Some  of  the  causes  of  such  traveling  waves  are: 

a.  Direct  or  secondary  lightning  strokes  entering  the  trans- 
mission line.  This  usually  gives  a  single  impulse,  or  very  few 
impulses  of  extreme  steepness  of  wave-front,  but  short  extent, 
and  capable  of  exerting  very  considerable  power  only  locally, 
but  not  after  traveling  considerable  distance;  that  is,  a  direct 
lightning  stroke  may  shatter  several  poles,  but  do  no  damage  to 
the  station,  if  not  very  near  to  it. 

6.  Electrostatic  induction  by  clouds.  Corresponding  to 
the  electrostatic  potential  between  cloud  and  ground  an  electro- 
static charge  exists  on  the  line.  Every  lightning  flash  in  the 
cloud,  and  between  cloud  and  ground,  represents  an  abrupt 
change  of  the  electrostatic  potential  and  requires  a  rearrange- 
ment of  the  electrostatic  charge  on  the  section  of  the  line  below 
the  cloud,  and  thus  gives  an  impulse  of  an  intensity  correspond- 
ing to  the  intensity  of  the  flash,  or  rather  the  magnitude  of  the 
change  of  electrostatic  potential  of  the  terrestrial  field.  Thus 
during  a  thunder  storm,  or  other  atmospheric  electric  disturb- 
ances near  a  transntiission  line,  a  series  of  impulses  travel  along 


412 


STK1NMETZ:  LIGHTNING  PHENOMENA     [Biarch  29 


the  Unc,  increasing  in  severity  and  frequency  with  the  approach, 
and  decreasing  again  with  the  recession  of  the  storm.  While 
each  of  these  impulses  is  rarely  of  sufficent  power  to  do  serious 
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damage,  due  to  their  frequency  of  recurrence,  they  may  lead  to 
the  production  of  destructive  internal  surges. 

Traveling  waves  resulting  from  this  electrostatic  induction 
are  usually  of  lesser  voltage  than  direct  lightning  strokes,  but 
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their  origin  is  of  greater  local  extent ;  that  is,  they  do  not  cause 
local  destruction  at  the  point  of  origin,  but  travel  considerable 
distances,  and  their  effect  is  therefore  far  more  generally  felt 
through  the  system.  They  probably  are  the  most  common 
manifestation  of  atmospheric  electricity  in  electric  circuits. 

Through  the  electrostatic  capacity  between  primary  and  sec- 
condary  of  transformers,  these  impulses  frequently  enter  second- 
ary circuits  at  an  intensity  increased  by  partial  reflection  at  the 
transformer,  and  may  even  lead  to  sparks  jumping  from  second- 
ary wires  to  ground,  as  gas  and  water  pipes,  thus  constituting 
a  certain  fire-risk,  which  can  be  completely  eliminated  by  per- 
manently grounding  the  secondary  circuit. 

c.  Discharges  of  slowly  accumulated  potential,  resulting  in* 
a  series  of  successive  impulses. 

d.  Any  spark  discharge  from  the  line  to  another  line  or  to 
the  ground. 

e.  an  arcing  ground  on  one  phase  of  an  insulated  system,  or 
in  general  the  existence  of  a  '*  self -rupturing  arc  '*  in  the  system. 
As  explained  on  former  occasions,  an  arc,  when  shunted  by 
capacity,  as  an  arc  between  one  conductor  of  an  insulated  trans- 
mission line  and  the  ground,  or  between  a  conductor  and  the 
armor  of  an  underground  cable,  is  self-rupturing;  that  is, 
blows  itself  out  explosively,  due  to  the  characteristics  of  the  arc, 
and  hence  produces  an  impulse.  An  arcing  ground  thus  sends 
out  a  series  of  impulses.     Due  to  the  very  rapid  succession  and 

considerable  power — ^the  — ^  of  the  system — these  impulses  are 

very  serious  electric  disturbances  of  the  system,  and  frequently 
lead  to,  a  low-frequency  surge  and  result  in  extensive  destruction. 
In  their  appearance  in  the  station,  they  are  very  similar  to  b 
except  of  greater  intensity  and  rapidity,  and  therefore  are  more 
dangerous. 

/.  Sudden  changes  of  load,  connection  and  disconnnection 
of  apparatus,  etc.,  also  cause  impulses.  For  instance,  when 
connecting  a  dead  transformer  to  the  system  an  impulse  tra- 
irerses  the  transformer,  and  usually  penetrates  beyond  the 
transformer  into   the  circuit. 

3.  Standing  waves,  oscillations,  and  surges.  6.  In  water, 
standing  waves  are  less  frequent  and  prominent  appearing 
in  general  only  as  stationary  ripples  in  small  pools.  They 
form  when  a  wave-train  is  reflected  and  thrown  back  by 
an  obstruction,  and  the  returning  wave  and  the  incoming  wave 
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meet.  Then  at  some  places  the  waves  neutralize  each  other 
and  form  a  node ;  at  others  they  add  to  a  wave-crest  of  greater 
height  than  the  traveling  wave.  Figs.  5  to  8  show  the  gradual 
change  from  an  impulse  to  a  traveling  wave-train,  and  from  the 
traveling  wave  to  the  standing  wave  or  oscillation.  Wave 
formation  takes  place  only  in  large  bodies  of  water,  in  which 
the  wave-length  is  small  compared  with  the  total  path  of  wave- 
travel,  and  the  boundary  usually  too  irregular  to  give  good  re- 
flection and  to  allow  standing  waves  to  form.  Standing  waves, 
however,  are  the  vibration  of  a  tuning  fork,  Oi*  a  violin  string,  or  of 
the  air  in  an  organ  pipe.  Since  the  velocity  of  propagation  of  an 
electric  wave  is  very  high,  188,000  miles  per  second,  even  with 
very  long  transmission  lines,  oscillating  as  a  single  standing 
wave,  or  at  fundamental  frequency,  the  period  of  oscillation 
is  relatively  short,  the  frequency  hundreds  of  cycles  per  second. 
In  this  respect,  an  electric  circuit  is  rather  more  analogous  to 
a  violin  string  or  the  body  of  air  in  an  organ  pipe,  and  has  the 
same  tendency  to  form  regular  standing  waves  or  oscillations. 
Just  like  a  \4olin  string,  the  electric  circuit  may  oscillate  either 
as  single  wave  without  nodes,  or  a  number  of  nodes  form, 
and  the  different  sections  oscillate  separately,  at  higher  fre- 
quencies. 

This  phenomenon  of  standing  waves,  or  oscillations  in  trans- 
mission lines,  has  been  investigated  repeatedly.  It  is  usually 
approached  by  considering  the  distribution  of  current  and 
potential  in  a  circuit  of  distributed  capacity,  inductance,  and 
resistance.* 

The  standing  wave  is  produced  by  the  superposition  of  a 
wave  and  its  reflected  wave,  and  the  general  equations  result 
from  equation  (3)  by  combining  the  impulse  with  the  reflected 
impulse.  Since  the  production*  of  an  oscillation  or  standing 
wave  presupposes  a  slow  decay  of  the  wave-train;  that  is,  bk 
must  be  small,  an  approximate  value  is  derived  by  suppressing 
the  term  e-^kt.  This  means  neglecting  the  gradual  dying  out 
of  the  wave;  that  is,  considering  it  as  alternating  instead  of 
oscillating.  The  trigonometric  function  of  time  can  then  be 
eliminated  by  the  introduction  of  the  complex  quantity,  and 
the  equation  of  the  standing  wave,  or  oscillation,  becomes: 

*See  Steinmetz,  Alternating  Current  Phenomena,  third  edition, 
page  18  L 
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k  Ak  I  COS  -y  +  i*  sin  -y- j 

+  r  A/    --U      « 

-  5  ^*  Bk  I  COS  — ^ ]ksm  — 2~) 
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^^    -^ri     ,     /         fe;rM.   ..     .    fe;r«\ 
^*  ^*  (  cos  -^  -^jk  sin  -j-j 


+  '"'y »     CO 

+  «  ^*  ^A  (  cos  — 2 7  *  sm  -y-^ 

1 
where : 

L  =  inductance, 

C  —  capacity, 

r   =  resistance, 

per  unit  length  of  line,  and 

Ak  and  Bk  are  complex  constants. 

The  lowest  frequency  of  oscillation  of  a  line  is  the  frequency 
which  makes  the  line  a  quarter  wave-length.     That  is,  if: 

/  =  length  of  line, 

V  =  velocity  of  light, 

It  is: 

I 

If  /  is  given  in  miles. 

From  the  line  constants  this  fundamental  frequency  can  be 
expressed,  approximately,  by: 


N,  «  — T=-  (6) 
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where: 

Lq  =»  IL  =  total  inductance, 

C^  ^  IC  ^  total  capacity  of  the  line. 

In  addition  to  the  fundamental  frequency  L^,  all  its  odd 
higher  harmonics,  or  any  frequency: 


A^=  (2fe-  \)N, 


(7) 


may  exist. 

7.  In  general,  an  oscillation  of  a  transmission  line  is  a  com- 
plex wave,  containing  fundamental  and  higher  harmonics.  The 
relative  proportions  of  the  different  harmonics  in  the  oscillating 


Fig.  9 

wave  depend  upon  the  distribution  of  potential  and  of  current 
at  the  moment  of  the  start  of  the  oscillation. 

If  the  distribution  of  potential  and  of  current  at  the  start  of 
the  oscillation  were  perfectly  sinusoidal,  as  shown  by  Fig.  9, 
only  the  fundamental  wave  would  appear.  The  more  irregular 
the  distribution  is,  the  more  prominent  are  the  higher  harmonics; 
with  a  very  irregular  and  abrupt  distribution,  the  fundamental 
wave  does  not  appear  at  all,  but  only  higher  harmonics. 

A  transmission  line  has.  therefore,  not  only  one  frequency  of  os- 
cillation, as  a  combination  of  condenser  and  separate  inductance, 
but  an  infinite  number  of  frequencies,  of  which  one  is  the  lowest 
or  fundamental,  the  others  its  odd  multiples  or  higher  harmonics. 
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These  frequencies  depend  on  the  resistance,  inductance,  and 
capacity  of  the  line.  None  of  these  quantities  is  entirely 
constant.  For  instance,  at  high  voltage  the  capacity  increases 
by  electrostatic  glow,  brush  discharges,  and  streamers;  induct- 
ance and  resistance  vary  with  the  unequal  current  distribution 
throughout  the  section  of  the  conductor,  etc.,  so  that  at  the 
very  high  harmonics,  which  are  close  together — for  instance, 
the  199th  and  the  201st  harmonics  differ  in  frequency  by  1% 
only — ^the  gap  between  successive  harmonics  is  bridged  by  the 
variability  of  the  frequency,  and  a  line  for  very  high  frequencies 
can  thus  oscillate  at  any  frequency  whatever.  In  other  words, 
a  transmission  line  can  oscillate  at  a  fundamental  frequency, 
the  lower  higher  harmonics  thereof,  and  at  any  very  high  fre- 
quency whatever;  that  is,  the  line  has  definite  frequencies  of 
oscillation  only  at  low  and  moderate  frequencies,  but  not  at 
very  high  frequencies.  This  is  analogous  to  the  formation  of 
other  standing  waves. 

8.  The  oscillation  is  the  phenomenon  by  which  in  an  electric 
circuit  after  a  disturbance  of  the  circuit  conditions  the  flow  of 
power  restores  its  equilibrium.  Any  circuit  disturbance  may,  and 
usually  does,  produce  an  oscillation  which  may  be  local  only, 
that  is,  contain  only  the  very  high-frequency  harmonics,  if  the 
disturbance  is  local;  but  it  may  become  universal  by  including 
the  fundamental  and  the  lower  harmonics.  In  the  latter  case 
it  is  usually  called  *'  surge.'* 

In  some  respects,  therefore,  the  oscillation  is  a  result  of  a 
disturbance,  as  an  impulse,  and  the  power  which  oscillates  is 
the  generated  power  of  the  circuit;  hence  the  possible  destruc- 
tiveness  of  the  oscillation  is  limited  only  by  the  available  power 
of  the  generating  system,  but  does  not  directly  depend  upon  the 
severity  of  the  disturbance  which  caused  the  oscillation. 

The  power,  which  oscillates,  is  the  energy  stored  by  the  flow 
of  generated  power  in  the  electric  field  of  the  transmission  line, 

?  L 
as  electromagnetic   energy:      ,^  -,   and   as  electrostatic  energy: 

^  C 

—^ ,  and  the  shorter  the  section  of  line  which  oscillates  the 

higher  is  the  frequency  of  the  oscillation.  The  smaller,  how- 
ever, is  also  the  power  and  the  destructiveness  of  the  oscilla- 
tion; considerable  damage  results,  therefore  only  from  low- 
frequency  oscillations;  that  is,  oscillations  of  the  whole  or  a 
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large  part  of  the  system.  Local  high-frequency  oscillations  are 
dangerous  chiefly  in  their  liability  to  destroy  insulation  by 
puncture,  and  to  produce  a  low-frequency  surge  of  higher  power. 
Since  as  a  rule  the  maximum  amount  of  energy  which  can 
be  stored  in  the  electric  field  of  a  circuit  is  the  electromagnetic 

energy  of  the  short-circuit  current,  -^17-,  the  short-circuit  surge 

is  the  most  powerful  and  destructive. 
Some  typical  forms  of  oscillations  are: 

a.  Spark  discharges  to  and  from  the  line,  as  over  some  light- 
ning-arresters ;  the  breaking  up  of  a  traveling  wave  when  enter- 
ing the  station,  etc.,  result  in  the  formation  of  very  high  fre- 
quency oscillations,  millions  of  cycles  per  second. 

b.  Arcing  grounds  and  other  arc  discharges  to  ground  from 


I'ig.lO 


a  line  of  an  insulated  system;  reflected  traveling  waves,  etc., 
give  oscillations  which,  while  still  of  very  high  frequency,  reach 
considerably  further  down  in  frequency  than  a,  hundred  thou- 
sands of  cycles  per  second,  and  still  lower. 

c.  Charge  and  discharge  of  the  line,  as  when  discharging  an 
accumulated  electric  charge  over  a  path  of  low  resistance;  con- 
necting a  dead  transformer  into  the  circuit,  etc.,  results  in 
high-frequency  oscillations  containing  also  an  appreciable  low- 
frequency  component. 

d.  In  general,  changes  of  circuit  conditions,  as  sudden  changes 
of  load ;  connecting  or  disconnecting  a  transmission  line ;  opening 
a  short  circuit  suddenly,  etc.,  give  oscillations  in  which  the 
fundamental  frequency  predominates. 

e.  Low-frequency  surges,  consisting  primarily  of  the  funda- 
mental wave,  may  be  produced  by  certain  transformer  connec- 
tions in  polyphase  systems,  in  which  in  case  of  an  accident,  an 
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unequal  distribution  of  load,  or  other  causes,  the  open  circuit 
inductance  of  a  transformer  coil  is  in  series  with  the  line  capa- 
city, in  the  circuit  of  a  live  transformer.  Typical  hereof  is  the 
case  of  a  delta-star  connected  system  without  grounded  neutral, 
if  one  of  the  sides  of  the  delta  is  open  circuited,  as  shown  as  A' 
in  Fig-  10.  The  high-tension  coil  A  of  this  transformer  is  in 
series  with  the  line  capacity,  a— 6,  in  the  circuit  of  transformer 
B,  and  in  series  with  the  line  capacity,  a— c,  in  the  circuit  of 
transformer  C,  In  this  case  the  voltage  between  a  and  the 
other  two  lines  b  and  c  is  practically  unlimited.  A  number  of 
such  transformer  connections  exist,  and  in  their  use  this  phe- 
nomenon should  be  guarded  against. 

9.  Looking  at  the  oscillation  as  surge  of  energy  between  the 

^  L 
electromagnet ically   stored    energy,  — — — ,      and     the    electro- 

e^  C 
statically  stored  energy,  ,  it  can  well  be  seen,  that  the  elec- 

•  ^ 

trostatic  energy  is  in  general  far  more  limited  than  the  electromag- 
netic energy ;  and  the  maximum  possible  energy  which  can  be 
stored  in  the  electric  field  is  the  electromagnetic  energy  of  the 
short-circuit  current,  as  stated  above.  The  most  powerful  oscilla- 
tion is  therefore  the  short-circuit  surge  of  a  system  or  oscilla- 
tion produced  by  instantaneously  rupturing  a  short  circuit,  as 
by  a  self-rupturing  arc.  In  this  surge  the  fundamental  pre- 
dominates, and  the  equations  of  the  surge  potential  are: 

\^  1 1.26  cos  a>  sin  0  +  0.40  cos  3  a>- sin  3  0  +  0.22  cosSci; 

sin  50  +  0.13  cos  7  (W  sin  7  0  +  0.07  cos  9  w  sin  9  0  +  0.03  cos  11  w 
sin  110+    ...   }  (8) 

where: 

io  =  short-circuit  current 

L  =  inductance  of  line 

C  —  capacity  of  line 

0.  =  ^'  (9) 

2  /  ^  ^ 

I  «  length  of  line, 

u  ==  distance  along  line,  from  point  where  the  short  circuit 

was  ruptured,  as  zero  point. 

0  =  2  r  iV  <  (10) 

/  «  time 


io^|■ 
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^^  =  ";;     /T—^  =  fiequency  of  fundamental  wave  of  oscillation. 
4  VL  C  (11) 

For  instance,  for  a  line  of  50  miles,  consisting  of  wire  No. 
0000,  and  transmitting  30,000  volts  at  25  cycles,  it  is,  ap- 
proximately : 

L  =  .2  /i,  hence: 

X  .=  2  7:.VoL  =  31.4  ohms 

C  =  0.4  mf.,  hence: 


707 


r    =  26  ohms, 
hence : 


z  =  ^^2  ^  ^l^  40  8  ohms, 


and,  assuming  that  the  supply  voltage,  with  a  short  circuit  at 
the  other  end  of  the  line,  drops  instantly  to  one  third, 
or  e^  =  10,000  volts: 

t'o  =  —  =  245  amperes. 

z 

hence  the  surge  voltage: 

e=  174.000     jl.26cosa>sm0  +  O.4Ocos3<£>sin3<^  +  O.22  cos  5  oj 

sin  50+    .    .    .  I   volts. 
At: 

ig  =  245  amperes, 

this  gives  the  power  of  the  oscillation: 

e  *o  =»  42,500  kilovolt-amperes. 

Standing  waves  or  oscillations  in  electric  circuits  vary  from 
the  very  low  frequency  of  the  fundamental  surge  of  very  long 
transmission  lines,  which  approaches  commercial  alternating- 
current  frequencies,  especially  when,  as  commonly  is  the  case, 
the  generating  system  participates  in  the  oscillation,  to  fre- 
quencies of  several  hundred  million  cycles  per  second,  in 
the  discharge  oscillation  between  the  cylinders  of  a  multi- 
gap  lightning-arrester.  Due  to  this  enormous  range  of 
frequency,   the    physical    effect   of    the   oscillation   also   varies 
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greatly.  In  very  high  frequency  oscillations  the  power  is 
very  sniall;  the  electrostatic  effects,  as  luminous  glow, 
brush-discharge,  streamers,  and  sparks,  are  prominent,  but 
the  direct  damage  is  usually  insignificant,  and  the  effect  local. 
Inductance  opposes  a  fairly  effective  barrier.  On  the  other 
extreme,  low-frequency  surges  show  little  or  no  luminous  dis- 
play; inductance  offers  no  obstruction,  but  due  to  their  high 
power  and  wide  extent,  considerable  damage  may  be  done  all 
over  the  system. 

Oscillations,  therefore,  are  frequently  subdivided  into  high-fre- 
quency oscillations,  in  which  the  lower  harmonics  are  absent, 
and  low-frequency  oscillations,  in  which  the  fundamental  pre- 
dominates. The  name  surge  is  frequently  applied  to  denote 
the  latter. 

Between  these  two  extremes,  however,  the  low-frequency 
surge  and  the  high-frequency  oscillation,  oscillations  of  inter- 
mediate frequency  are  found- — against  which  inductances  do 
not  give  sufficient  protection — which  have  considerable  power, 
and  also  give  luminous  displays,  as  streamers  and  brush  dis- 
charges. Oscillations  of  this  intermediate  class  are  occasionally 
given  by  arcing  grounds,  spark  discharges  through  defective 
joints  in  large  cable  systems,  etc. 

10.  The  four  types  of  lightning  disturbances  here  discussed-  - 
static  charge,  impulse,  oscillation,  and  surge,  may  occur  singly, 
in  groups,  or  all  occur  together,  or  rather  successively,  the  one 
preceding  and  causing  the  other.  A  static  charge,  for  instance, 
rises,  until  it  breaks  through  to  ground  and  discharges,  thus 
producing  an  impulse  or  traveling  wave. 

A  traveling  wave  breaks  at  a  station,  and  produces  high- 
frequency  oscillations. 

A  high  frequency  oscillation,  puncturing  the  insulation, 
causes  a  short  circuit,  which  ruptures  itself,  and  thus  produces 
a  low-frequency  surge. 

A  static  charge,  discharging  over  lightning-arresters  with  in- 
sufficient damping,  causes  a  high-frequency  oscillation. 

A  static  charge,  short  circuiting  the  system  by  its  discharge, 
causes  a  low-frequency  surge. 

Lightning-arresters,  when  discharging  a  high-frequency  oscil- 
lation, may  fail  to  hold  back  the  machine  current,  and  the  short 
circuit  resulting  therefrom  produces  a  low-frequency  surge. 

All  four  types  of  disturbances  may  occur  successively: 

An  electrostatic  charge  rises  until  it  breaks  down  to  groimd, 
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thereby  starting  an  impulse.  This  impulse  at  the  entrance 
to  a  station  breaks  up  in  high-frequency  oscillations.  These 
oscillations  puncture  the  insulation  and  produce  a  short-circuit 
surge. 

The  traveling  wave  produced  by  connecting  a  cable  to  the 
bus-bars  may  cause  a  spark  discharge  from  conductor  to  cable 
armor  at  some  defective  joint.  This  spark  develops  into  an 
oscillating  arc,  which  sends  out  traveling  waves  along  the  cable. 
These,  when  entering  the  station,  produce  high-frequency 
oscillations,  and  systems  of  such  oscillations  follow  each  other 
with  great  rapidity,  produced  by  the  successive  impulses  caused 
by  the  oscillating  arc,  and  produce  a  continuous  **  static  "  in 
the  station,  which  ultimately  produces  somewhere  a  short 
circuit,  and  consequently  a  low-frequency  surge. 

In  short,  the  number  of  combinations  of  such  phenomena  is 
unlimited. 

11.  The  problem  of  lightning  protection  then  is  threefold. 

1.  Prophylactic;  to  guard  against  the  entrance  or  origin  of 
disturbances. 

2.  Restrictive;  to  guard  against  a  disturbance  leading  to 
other  disturbances. 

3.  Curative;  to  discharge  a  disturbance  harmlessly: 

As  seen,  the  problem  is  a  vast  one,  and  comprises  nearly  every- 
part  of  design,  installation,  and  operation  of  the  system. 

1.  Prophylactic ;  against  entrance  of  atmospheric  disturbances 
The  location  of  the  transmission  line  should  be  chosen  so  as  to 
avoid  exposed  positions  as  far  as  possible.  A  grounded  over- 
head wire  of  good  conductivity  offers  considerable  protection. 
Grounded  side  wires  increase  the  protection  and  discharge  side 
drift.  The  question  of  barbed  wire  against  plain  wire  is 
still  open  to  discussion.  Emergency  arresters  in  the  lines  or 
arresters  at  intermediate  stations  may  shunt  traveling  waves 
toward  ground. 

Grounding  the  neutral  of  the  high-potential  circuit  offers  some 
protection  against  static  charges  and  against  arcing  grounds, 
but  increases  the  liability  to  short  circuits  and  shutdowns  due 
ot  other  causes. 

A  study  of  transformer  connections  and  their  operating  con- 
ditions, of  generator  wave-shape  and  connections,  of  the  pos- 
sible origin  of  higher  harmonics  of  the  potential  wave,  the  con- 
struction and  location  of  underground  cables,  the  protection 
of  their  joints,  the  desirability,  size  and  location  of  reactive 
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coils — ^all  are  subjects  requiring  careful  consideration  from  the 
point  of  view  of  lightning  protection.  In  short,  the  most  import- 
ant problems  of  lightning  protection  are  met  and  should  be 
solved  before  the  question  of  lightning-arresters  is  approached. 
The  problems  2  and  3,  to  limit  the  disturbance,  so  that  it  does 
not  cause  other  and  possibly  more  severe  disturbances,  and  to 
discharge  it  safely,  are  the  problems  which  the  designer  of  the 
lightning-arrester  has  to  solve. 
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PROTECTION  AGAINST  LIGHTNING.  AND  THE  MULTI- 
GAP  LIGHTNING  ARRESTER 


BY  DAVID  B.  RUSHMORE  AND  D.  DUBOIS 


In  this  paper  the  term  "  lightning  "  is  used  in  its  comprehen- 
sive sense  as  defined  by  Dr.  Steinmctz  to  include  "  All  phe- 
nomena of  abnormal  voltage  and  abnormal  frequency." 

The  object  of  this  paper  is  to  set  forth  the  most  recent  de- 
velopments in  the  multigap  lightning  arrester  and  to  give 
recommendations  concerning  the  protection  of  transmission 
lines  and  electrical  apparatus  from  lightning  disturbances. 
Reliable  photographs  of  lightning  are  rare  and  difficult  to 
obtain.  A  number  of  these,  some  of  which  have  been  published 
before,  showing  the  varieties  of  lightning  discharge,  are  included 
as  a  matter  of  general  interest. 

Fig.  1  is  an  instantaneous  exposure  of  a  stroke  showing  the 
peculiarly  knotted  path  often  taken.  The  best  explanation  of 
this  is  that  the  lightning  at  that  point  took  a  direction  toward 
the  camera,  and,  as  is  always  the  case,  did  not  follow  a  straight 
line.  We,  of  course,  see  the  projection  of  its  path  in  our  direc- 
tion. 

Fig.  2  shows  an  instantaneous  photograph  of  what  is  known 
as  a  meandering  discharge.  It  is  confined  to  the  clouds  and 
seems  to  be  a  general  neutralizing  of  potentials. 

Fig.  3  is  an  actual  photograph  of  that  riddle,  **  the  thunder- 
bolt." This  phenomenon  has  been  observed  so  often  that  we 
cannot  deny  its  occurrence.  There  are  at  least  three  theories 
as  to  its  nature. 

L  That  it  is  what  it  appears  to  be,  a  ball  of  globular  light- 
ning, which  bounds  about  burning  and  destroying.  This  theory 
is  backed  up  by  no  explanation. 
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2.  That  it  is  an  optical  illusion.     That  the  eye  is  blinded  by 
the  light  of  a  lightning  flash  and  therefore  sees  the  ball  of  fire 


Fig.  1. 

wherever  it  looks.     This  theory  is  rational  except  that  it  does 
not  account  for  the  damage  done  where  the  ball  is  last  seen. 


Fig  2- 


3.  That  the  eye  sees  a  stroke  coming  directly  toward  it  from 
the  sky,  as  in  the  knot  of  Fig.  1.     This  would  produce  the  effect 
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Fig.  3. 


Fig.  4. 
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of  a  ball  of  fire,  but  the  ball  described  usually  moves  slowly 
from  place  to  place.  To  fit  the  theory,  then,  the  lightning  must 
be  supposed  to  last  for  a  considerable  time  and  to  shift  its 


Fio 


path,  or  to  be  made  up  of  a  number  of  strokes,  each  traveling 
by  a  slightly  different  path. 


Fig  e 


The  photograph  iicre  shown  should  discredit  the  second  of 
these  theories.  Tlie  dotted  character  of  a  part  of  a  stroke 
should  be  note^l. 
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Fig.  4  shows  in  the  lower  corner  another  of  these  peculiar 
strokes. 

Fig.  5  shows  what  is  known  as  ribbon  lightning.  This  photo- 
graph was  taken  from  an  express  train  on  the  prairie  of  North 
Dakota.  This  effect  may  not  be  due  to  the  movement  of  a 
camera,  as  the  telegraph  pole  shown  shows  no  movement. 
It  may  be,  however,  that  only  the  brightest  part  of  a  flash  gave 
enough  light  to  take  the  photograph  of  the  pole.  In  the  first 
case  we  would  conclude  that  the  stroke  moves  sideways.  In 
the  second  case  that  the  stroke  lasted  for  some  time.  Possibly 
if  viewed  from  near  the  point  of  striking  this  would  have  re- 
sembled the  •*  thunderbolt  "  of  Fig.  3. 


Fig.  0. 


Fig.  6  shows  a  radial  discharge  among  the  clouds. 

Fig.  7  shows  a  parallel  discharge,  most  likely  two  discharges, 
one  closely  following  the  other. 

Fig.  8  shows  a  horizontal  discharge  turning  earthward.  In 
this  case  a  discharge  must  have  started  from  cloud  to  cloud, 
but  have  come  so  near  the  earth  that  a  second  and  stronger 
stroke  took  place  from  earth  to  one  of  the  clouds.  The  second 
stroke  would  naturally  follow  the  path  ionized  by  the  first. 

Fig.  9  shows  a  horizontal  discharge  from  cloud  to  cloud  over 
Salt  Lake  City. 

Fig.  10  is  a  remarkable  photo?:raph  of  lightning  striking  the 
tower  of  the  City  Hall  in  Philadelphia.     This  stroke  knocked 
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off  one  of  the  great  iron  rosettes  of  the  tower  but  did  no  great 
damage.* 

In  considering  lightning  protection,  the  first  step  is  naturally 
to  study  the  apparatus  to  be  protected,  then  the  forces  to 
which  it  will  be  subjected,  and  finally  the  protecting  apparatus. 
The  source  of  trouble  **  Lightning  **  is  the  subject  of  another 
of  this  evening's  papers.  For  apparatus  to  be  protected,  we 
have  insulators,  transformers,  switches  and  generators.  The 
Fpecifications  for  dielectric  strength  of  generators  is  us  provided 


Fig.  10. 


for  by  the  American  Institute  of  Electrical  Engineers.  The 
usual  specification  for  high-tension  transformers  is  that  they 
shall  stand  from  line  to  core  twice  the  normal  line  voltage,  inde- 
pendently of  whether  the  transformers  are  star  or  delta  con- 
nected. Switches  are  made  to  stand  two  and  one-half  times 
normal  line  voltage,  and  insulators  should  stand  three  times 
the  line  voltage  dry,  and  one  and  one-half  times 'the  line  voltaije 

♦These  photographs  were  obtained  through  the  courtesy  of  Mr.  W.  F. 
Jennings,  of  Philadelphia,  Pa.     They  are  copyrighted. 
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with  a  precipitation  of  one-fourth  inch  per  minute  at  45°.  The 
allowable  rise  of  potential  on  the  line  is  therefore  less  than 
100% ;  about  60%  of  line  voltage  seems  a  desirable  point  at 
which  the  protective  apparatus  should  operate. 

Protecting  apparatus  consists  briefly  of  lightning  arresters, 
horn  arresters,  static  discharges,  choke-coils,  and  ground  wires. 
Here  lightning  arresters  are  defined  as  apparatus  that  can  re- 
lieve the  line  of  high  voltage  without  disturbing  operating 
conditions.  • 

Transformer  Connections,  From  the  standpoint  of  protection 
of  the  system  from  static  disturbances,  whether  external  or  in- 
ternal, the  grounded  star  transformer  connectiq'ns  with  over- 
head ground  wire  offers  the  best  conditions,  and  is  in  general 
recommended  where  other  conditions  do  not  decide.  The  causes 
of  most  frequent  disturbances  on  transmission  systems  are  short- 
circuits  and  grounds. 

As  regards  short  circuits  between  wires,  there  is  but  little  to 
choose  between  the  star  and  delta  connections;  but  as  regards 
grounds,  and  especially  partial  grounds,  the  grounded  star 
system  affords  a  great  advantage  in  the  reduced  possibility  of 
a  disastrous  increase  in  voltage. 

When  a  ground  is  formed  on  one  line  of  a  high-tension  trans- 
mission, that  line  should  at  once  go  out  of  operation,  and  with 
a  properly  designed  system  no  interference  with  the  delivery  of 
power  should  result. 

All  of  the  considerations  which  enter  into  the  question  of  trans- 
former connections  are  not  pertinent  to  the  question  of  lightning 
protection,  but  from  that  standpoint  the  grounded  star  system 
with  the  overhead  ground  wire  is  most  desirable. 

The  Horn  Lightning  Arrester.  Due  to  its  apparent  sim- 
plicity, the  horn  lightning-arrester  has  of  late  received  con- 
siderable attention.  It  is,  however,  not  a  piece  of  real  protec- 
tive apparatus  in  the  sense  of  protecting  the  line  without  dis- 
turbing the  conditions  of  operation.  If  it  is  used  without  re- 
sistance, it  has  the  effect  of  a  short-circuit;  with  resistance 
high  enough  to  prevent  it  from  causing  a  great  drop  in  voltage, 
the  protective  features  are  largely  eliminated.  It  is  in  reality 
an  emergency  device,  a  weak  point  in  the  system  which  is  the 
first  to  rupture  when  the  voltage  rises  to  a  dangerous  value; 
if  the  system  is  without  protective  apparatus,  it  locates  the  point 
of  breakdown  when  the  condition  is  such  that  some  failure 
must  occur. 
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In  general,  the  discharge  of  horn  arresters  without  resistance 
will  throw  synchronous  apparatus  out  of  step,  and  necessitate 
starting  up  the  system  again.  The  voltage  will  drop  to  zero  at 
a  short  circuit,  and,  as  the  arc  may  last  from  two  to  three  seconds, 
the  disturbance  of  the  system  is  considerable.  Where  a  fuse 
is  used  in  series  with  a  horn  having  no  resistance,  it  can,  of 
course,  take  but  the  one  stroke  and  after  this  the  system  is  un- 
protected. A  flaming  arc  in  air,  such  as  occurs  with  the  horn 
arrester,  is  a  possible  source  of  disturbance  much  worse  than 
the  original  one,  and  under  certain  conditions  can  give  rise  to 
very  high  voltages,  so  that  the  possibility  exists  that  the  horn, 
instead  of  being  a  protective  feature,  may  become  a  disturbing 
one. 

The  horn  arrester  with  sufficient  resistance  to  prevent  short 
circuiting  the  system  at  time  of  discharge  has  some  small  pro- 
tective value,  which  can  easily  be  determined  by  the  amount  of 
resistance  used.  The  real  function  of  the  horn  arrester  is  its  use 
to  protect  insulators  along  a  transmission  line,  where  the  horns 
are  so  arranged  that  the  current  will  jump  to  the  horn  before  it 
will  arc  around  the  insulator.  In  this  case  the  system  would  be 
disturbed  either  way.  Where  it  is  allowed  to  arc  around  the 
insulator,  the  latter  would  probably  be  destroyed  and  the  time 
of  disturbance  of  the  system  might  be  considerable — possibly 
until  the  insulator  is  replaced.  With  a  horn  protecting  the  in- 
stdator,  the  resulting  short-circuit,  while  very  undesirable  in 
itself,  is  less  disastrous  than  in  the  former  case,  and  may  only 
necessitate  starting  up  the  synchronous  apparatus  again. 

Many  disturbances  caused  by  atmospheric  lightning  are  of 
Btieh  high  frequency  that  they  will  not  travel  along  the  line  for 
any  distance;  but  will  jump  to  ground  within  a  short  distance 
of  where  the  disturbance  originates.  To  protect  against  this, 
the  use  of  horns  is  recommended. 

Care  must  be  taken  in  the  formation  of  the  horns,  and  it  must 
be  remembered  that  the  magnetic  effect  in  putting  out  the  arc 
is  much  greater  than  that  of  the  heat  causing  the  arc  to  rise. 
By  improperly  forming  the  horns,  the  arc  will  travel  down  in- 
stead of  up,  and  will  not  clear  itself.  Horn  lightning  arresters 
have  been  installed  on  transmission  lines  in  this  country  for  a 
considerable  number  of  years.  In  most  places,  however,  where 
they  have  been  used  no  careful  record  has  been  kept  of  their 
operation. 

Protection  for   Wood  Pole   Transmission   Lines.     Practically 
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complete  protection  for  wood  pole  transmission  lines  can  be 
effected  against  disturbances  from  atmospheric  lightning.  The 
best  method  of  doing  this  is  shown  in  Fig.  11.  Here  we  have 
an  overhead  ground  wire  in  connection  with  a  lightning-rod  and 


Fig.  11. 


horns  protecting  the  insulators.  The  overhead  ground  wire  re- 
lieves the  electrical  stresses  that  would  otherwise  be  thrown  on 
the  transmission  line.  The  pipe  supporting  the  ground  wire 
acts  as  a  lightning  rod,  and  also  as  a  horn  to  "^he  top  conductor, 
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protecting  its  insulator.  Side  horns  are  attached  to  the  cross- 
arm,  protecting  the  two  lower  insulators,  and  these  are  all  well 
grounded  by  a  conductor  attached  to  the  side  of  the  pole.  This 
sketch  is  somewhat  diagrammatic.  The  actual  dimensions  and 
construction  as  shown  would  not  be  used.  The  addition  of  the 
lightning  rods  has  in  some  cases  been  found  very  efficacious. 

Static  Discharges,  From  the  description  of  the  new  form  of 
multigap  arrester  it  will  be  seen  that  the  arrester  includes  a 
static  discharger  consisting  of  the  high  resistance  with  the  small- 
est possible  number  of  gaps  in  series.  This  should  offer  sufficient 
protection  against  static  wherever  the  arrester  is  used.  There 
are  cases,  however,  where  the  complete  arrester  is  not  thought 
necessary;  such,  for  instance,  as  to  protect  underground  cable 
systems  having  no  exposure  to  lightning.  In  these  cases  the 
high  resistance  and  series  cylinders  can  be  installed  alone.  Of 
course  no  protection  against  low-frequency  surges  of  power 
is  obtained,  and  if  such  are  likely  to  occur  the  whole  of  the  ar- 
rester should  be  used. 

Water 'Jet  Arrester.  What  is  known  as  the  water- jet  arrester 
has  been  used  abroad  to  some  extent,  and  in  certain  localities 
has  apparently  obtained  a  reputation  which  it  is  difficult  to 
justify. 

The  equivalent  needle-gap  and  the  resistance  of  this  ar- 
rangement are  so  great  that  it  is  evident  that  no  real  protec- 
tion is  obtained  by  its  use.  Its  only  function  can  be  that  of 
a  high  resistance  connected  permanently  to  the  line,  and  in 
this  case  it  has  the  advantage  of  being  self -repairing  if  rup- 
tured by  discharge;  It  should  to  some  extent  prevent  the 
slow  accumulation  of  static  charges  on  the  line.  It  is,  how- 
ever, difficult  to  install,  and  it  is  questionable  if  the  same  re- 
sults cannot  better  be  obtained  in  other  ways.  Its  use  is 
not  recommended. 

Ground  Wire.  Without  doubt  an  overhead  ground  wire  af- 
fords protection  to  a  transmission  line.  This  protection  is  not 
complete,  as  a  very  few  cases  exist  where  insulators  have  been 
lost  by  lightning  strokes  even  when  a  ground  wire  was  used, 
but  these  instances  arc  so  very  rare  that  the  use  of  a  ground 
wire  is  strongly  recommended.  It  should,  however,  be  installed 
in  addition  to  other  apparatus,  and,  while  it  will  almost  en- 
tirely protect  the  line,  it  does  not  protect  the  station  apparatus 
completely.  The  use  of  a  ground  wire  very  greatly  relieves  the 
stress  which  can  be  thrown  on  the  station  apparatus,  however, 
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and  much  reduces  the  duty  required  of  the  station  lightning 
arresters. 

A  |-in.  stranded  steel  wire,  grounded  at  least  every  500  ft., 
should  be  installed  above  the  highest  transmission  wire.  Ex- 
perience demonstrates  that  this  is  desirable,  and  that  a  ground 
wire  below  the  transmission  wires  or  in  the  center  of  a  triangle 
is  not  as  effective  as  one  above.  One  ground  wire  is  all  that  is 
necessary,  although  theoretically  more  are  better:  but,  consider- 
ing the  great  relief  obtained  from  one  ii'ire  and  the  small  possible 
margin  of  protection  from  an  additional  wire,  which  would 
double  the  cost  of  installation,  it  is  doubtful  if  commercial  con- 
siderations would  often  allow  the  installation  of  more  than  one 
wire.  The  ground  wire  in  connection  with  the  earth  forms  a 
short  circuited  secondary  which  helps  to  dampen  out  disturbing 
oscillations. 

Some  early  experience  with  ground  vires  were  with  those 
mechanically  weak,  and,  at  least  in  one  case,  the  benefits  which 
might  have  been  derived  from  the  electrical  protection  were 
more  than  cancelled  for  by  the  frequent  breaking  of  the 
wire  and  the  trouble  caused  by  these  disturbing  the  transmission 
system.  With  the  wires  specified  above,  no  such  trouble  will 
result. 

Where  a  ground  wire  is  used  in  connection  with  the  grounded 
neutral  of  a  star-connected  high-tension  system,  the  best  results 
will  be  obtained.  In  some  cases  the  ground  wire  is  mounted 
on  insulators  and  is  identical  with  the  other  conductors,  in 
which  case  it  is  possible  to  use  it  as  a  spare  conductor  after 
removing  the  grounds.  In  all  cases,  both  mth  wooden  pole 
transmission  lines  and  where  steel  towers  are  used,  the  use  of  a 
ground  wire  is  recommended  as  a  protective  device  against  the 
effect  of  lightning;. 

Choke-Coils.  The  disturbances  on  a  system  in  which  pro- 
tective apparatus  is  nscfi  come  from  various  sources  and  are  of 
various  characteristics  as  regards  voltage  and  frequency.  If 
our  object  was  to  protect  the  station  against  disturbances  which 
emanate  from  the  transmission  line,  high  reactance  might  be 
desirable  except  as  it  interferes  with  the  regulation  of  the  sys- 
tem. When,  however,  the  disturbance  is  inside  the  choke-coil, 
high  reactance  is  undesirable.  In  the  case  of  a  system  with 
lar^e  ca])acity,  an  arcing  ground  in  series  with  the  high-react- 
ance choke-coil  may  cause  excessive  rise  of  voltage.  If  one 
j^ocs  throu^'h  the  list  of  possible  disturbances,  it  is  seen  that  in 
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some  cases  high  reactance  in  a  choke-coil  is  desirable;  in 
others  it  is  equally  undesirable.  It  is,  therefore,  recommended 
that  a  choke-coil  be  used,  but  that  it  possess  but  moderate 
reactance,  sufficient  to  reduce  the  pressure  thrown  on  the  sta- 
tion apparatus  by  an  amount  which  will  in  general  bring  it 
within  the  safe  value  of  the  dielectric  strength  of  such  ap- 
paratus. Moreover,  a  choke-coil  to  be  effective  at  high-frequency 
discharges  should  have  very  little  capacity  between  turns; 
otherwise  the  discharge  will  merely  pass  through  from  turn  to 
turn.  The  coils  should,  therefore,  not  be  too  close  together 
and  should  be  insulated  by  a  substance  having  low  specific 
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inductive  capacity — air.  Another  advantage  of  air  as  an  insu- 
lator for  a  choke-coil  is  that  there  is  no  chance  of  permanent 
short  circuit.  Where  ordinary  insulation  is  used  in  a  choke-coil 
there  is  no  way  to  tell  that  the  insulation  has  not  been  de- 
stroyed. Each  stroke  may  break  down  a  few  turns  until  finally 
the  coil  is  punctured  from  end  to  end.  At  the  next  stroke 
there  is  trouble. 

Grounds,  It  is  of  the  utmost  importance  to  have  lightning 
arresters  well  grounded.  The  ground  wire,  preferably  flat  copper 
strip,  should  lead  directly  to  ground  with  as  few  bends  as  pos- 
sible. It  sometimes  happens  that  a  good  ground  cannot  be 
conveniently  made  near  the  arrester,  or  that  a  better  one  can 
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be  niade  at  a  more  distant  point.  In  this  case  it  is  recom- 
mended that  the  principal  ground  be  made  at  the  more  distant 
point,  but  that  a  ground  of  some  sort,  the  best  possible  under 
the  conditions,  be  made  directly  underneath  the  arrester.  By 
the  use  of  three  grounds  at  a  station  the  ground  resistance  of 
each  can  be  determined.  The  two  secondary  grounds  need  not 
be  complicated  or  expen.sive;  iron  pipes  driven  into  the  ground 
will  answer.  A  record  of  the  resistance  of  the  grounds  can 
thus  be  kept,  and  their  good  condition  assured.  All  three 
should  be  used  in  parallel. 
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MuLTiGAP  Lightning  Arrester. 

Theory.  As  is  well  known,  the  essential  elements  of  the 
multigap  lightning  arrester  consists  of  a  number  of  cylinders 
between  line  and  ground  and  line  and  line,  these  cylinders  be- 
ing spaced  with  a  small  air-gap  between  them. 

The  multi^irap  arrester  is  distinguished  from  the  single-gap 
arrester  in  that  it  can  be  made  to  discharge  abnormal  rises  of 
potential  without  disturbing  operating  conditions.  Under  most 
conditions  of  operation,  it  discharges  at  a  much  lower  voltage 
than  does  a  sin;jle  gap  the  length  of  which  is  equal  to  the  sum 
of  the  small  gaps,  and  the  interrupting  power  is  such  that  the 
disturbing  charge  passes  off  without  allowing  the  dynamic 
current  to  follow  for  more  than  one-half  cvcle. 
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The  following  theory  of  the  multigap  arrangement  is  in  part 
new,  and  is  the  restilt  of  very  careful  study  of  its  characteristics. 

As  shown  diagrammatically  in  Fig.  12,  the  cylinders  of  the 
multigap  arrester  act  as  plates  of  condensers  in  series.  This 
condenser  function  of  the  multigap  arrester  is  the  essential 
feature  in  its  operation. 

-Supposing  capacity  to  exist  between  the  cylinders,  and  no 
capacity  between  cylinders  and  ground;  if.  a  .potential  is  applied 
across  the  arrester,  the  distribution  of  this  potential  will  follow 
a  straight-line  law  and  the  faU  of  potential  will  be  the  same 
between  any  two  cylinders.  This  is  shown  in  Fig.  13.  If.  now 
we  ground  one  end  of  this  device,  Fig.  14,  the  distribution  of 
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potential  over  the  cylinders  remains  the  same  in  value,  but  the 
potential  is  all  in  one  direction,  or  the  whole  device  is  raised 
above  zero  potential,  as  shown  in  Fig.  15.  However,  besides 
the  capacity  between  cylinders,  capacity  also  exists  between 
each  cylinder  and  ground.  This  is  shown  diagrammatically  in 
Fig.  16.  The  function  of  this  second  capacity  is  to  distort  the 
gradient. 

Where  the  number  of  cylinders  is  small,  the  curve  showing 
the  distribution  of  potential  does  not  differ  greatly  from  a  straight 
line,  as  shown  in  Fig.  17.  It  will  be  noticed  that  this  is  a  reversed 
curve,  being  symmetrical  above  and  below  the  line  of  zero 
potential. 
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If  instead  of  grounding  the  transformer  in  the  middle,  we 
now  groimd  it  at  one  end,  (Fig.  18),  the  whole  device  is  raised 
above  zero  potential  and  the  distribution  of  potential  over  the 
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POTENTIAL  GRADIENT,  UNQROUNDEO 


cylinders  is  as  shown  in  Fig.  19,  where  the  curvature  is  in  the 
same  direction  throughout  but  again  not  differing  greatly 
from  a  straight  line. 
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Where  we  have  a  large  number  of  cylinders,  the  conditions 
are  somewhat  changed.  If  we  have  a  device  as  shown  in  Fig.  20, 
which  is  suj^posed  to  represent  a  larj^'C  number  of  cylinders  con- 
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nected  across  a  transformer  with  grounded  neutral,  the  distri- 
bution over  which  is  shown  in  Fig.  21,  it  will  be  noted  that  this 
curve  differs  considerably  from  a  straight  line.  In  this  case 
there  is  a  part  of  the  apparatus  in  the  middle  where  very 
small  difference  of  potential  exists  between  the  cylinders, 
and  the  fall  of  potential  at  the  end  cylinders  is  much  greater 
than  that  which  exists  between  the  cylinders  nearer  the  middle. 
The  distribution  of  potential  over  the  device  exhibits  the  general 
form  of  combination  of  an  exponential  function  of  opposite 
sign.  If  one  end  of  the  transformer  is  grounded  instead  of 
the  middle,  as  shown  in  Fig.  22,  we  have  the  distribution 
of  potential  shown  in  Fig.  23.  It  will  be  noted  that  the 
drop  of  potential  over  the  end  cylinders,  as  shown  in 
Vp  Fig.  23,  is  very  much  greater  than  that  shown  in  F^,  Fig.  21, 
the  voltages  between  lines  being  the  same.  If  this  potential 
drop  reaches  a  certain  value,  a  discharge  across  the  cylinders 
takes  place.  With  a  large  number  of  cylinders,  therefore,  a 
voltage  which  could  not  break  through  when  the  system  was 
grounded  in  the  middle  may  be  high  enough  to  break  through 
when  one  end  is  grounded. 

It  will  be  seen  that  the  potential  between  the  first  and  second 
cylinders  in  Fig.  23  is  much  greater  than  between  the  second 
and  third,  etc.,  from  which  it  is  evident  that  this  arrester  breaks 
down  in  successive  steps.  At  a  certain  voltage  across  the 
arrester  the  potential  gradient  between  the  first  and  second 
cylinders  is  sufficient  to  break  down  the  dielectric  between 
them.  The  potential  of  the  second  cylinder,  then,  being  con- 
nected to  the  first  by  an  arc,  rises,  and  may  rise  to  such  a  point 
that  it  breaks  down  to  the  third  cylinder,  and  the  third  to 
the  fourth,  and  so  on  till  the  arc  has  passed  entirely  across  the 
arrester;  then  the  line  current  starts  flowing  across  and  the 
distribution  of  potential  is  changed,  following  now  a  straight 
line  as  shown.  The  potential  difference  between  all  cylinders 
is  then  the  same,  and  becomes  much  less  than  in  the  case  before 
a  breakdown.  It  is  well  known  that  to  maintain  an  arc  of 
alternating  current  across  a  gap,  the  voltage  must  be  at  least 
high  enough  to  re-break  down  the  dielectric  each  time  after 
the  arc  goes  out  at  the  end  of  a  half-cycle.  The  dielectric 
is  greatly  weakened  by  the  heat  produced  by  the  passage 
of  the  arc,  therefore  the  voltage  to  maintain  the  arc  need  not 
be  as  high  as  that  which  originally  broke  across.  The  weaken- 
ing of  the  dielectric  depends  on  the  heat  of  the  arc,  and  as  this 
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depends  in  turn  upon  the  boiling  temperature  of  the  metal  of 
the  arc  cathode,  certain  metals  when  used  as  electrodes  require  a 
higher  voltage  than  others  to  maintain  an  alternating-current 
arc.  The  connection  between  the  boiling  point  of  the  electrode 
metal  and  temperature  of  the  arc  is  as  follows:  the  current 
is  carried  across  the  gap  by  a  stream  of  metal  vapor  coming  from 
the  cathode.  If  the  metal  vapor  forms  at  a  low  temperature, 
the  temperature  of  the  arc  will  be  low.  Unfortunately,  the  low 
boiling  temperature  metals  do  not  hold  their  form  well  under 
the  electric  arc.  It  is,  therefore,  necessary  to  use  alloys  rich  in 
these  metals.  The  metals  of  higher  boiling  point  can  not  vapor- 
ize while  those  of  lower  boiling  point  are  present,  and  so  hold 
the  cylinders  in  form  without  effecting  the  temperature  of  the 
arc.  In  the  actual  lightning  arrester,  much  depends  upon 
the  choice  of  this  alloy  for  the  cylinders. 

The  arresters  are,  of  course,  designed  so  that  the  voltage 
gradient  shown  by  the  straight  line  in  Fig.  23  is  not  steep  enough 
to  give  a  voltage  across  the  gaps  high  enough  to  maintain  an 
alternating-current  arc.  An  arc  following  a  discharge  acrpss 
the  arrester  would  therefore  go  out  at  the  end  of  the  half-cycle 
in  which  it  occurred. 

In  connection  with  the  physical  phenomena  which  takes 
place  when  the  dielectric  breaks  down  between  cylinders,  a 
note  on  the  characteristics  of  air  as  a  conductor  of  electricity 
is  of  interest. 

Gases  in  general  are  such  poor  conductors  of  electricity  that 
for  long  there  was  discussion  pro  and  con  regarding  their  pos- 
session of  this  property.  A  very  small  conductivity,  however, 
exists  under  normal  conditions,  and  this  may  be  much  in- 
creased in  a  number  of  ways,  so  that  gases  under  certain  con- 
ditions are  good  conductors  of  electricity.  The  gases  conduct 
electricity  when  the  temperature  is  raised  above  a  certain 
point;  when  the  gas  is  drawn  from  contact  with  incandescent 
metals  or  carbon,  or  is  drawn  from  the  vicinity  of  flames; 
when  an  electric  charge  has  passed  through  the  gas,  or  when 
rdntgen,  lenard,  or  cathode  rays  have  passed  through  the  gas; 
also  when  rays  from  radioactive  substances  or  from  uranium 
or  thorium  have  passed  through  it ;  when  gas  has  been  exposed 
to  rays  from  electric  sparks;  when  the  cathode  is  illuminated 
by  ultra-violet  light ;  also  when  air  has  passed  ©ver  phosphorus 
or  bubbled  through  water.  Thus  it  is  seen  there  are  many 
means  of  imparting  electric  conductivity  to  gases,  and  not  a 
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few  of  these  are  concerned  in  the  breakdown  of  the  multigap 
arrester. 

When  gas  has  become  ionized  by  an  electric  discharge  or 
otherwise,  it  retains  its  conductivity  for  a  period  which  may 
vary  from  five  to  eight  minutes,  more  or  less,  a  fact  which  has 
an  important  bearing  on  discharges  which  follow  the  first 
breakdown,  and  also  a  fact  to  be  taken  into  consideration  in 
the  use  of  fuses  and  circuit-breakers. 

The  partial  breakdown  of  a  lightning  arrester  under  normal 
conditions,  when  the  static  spark  is  playing  across  the  first  few 
gaps,  generates  rays  which  assist  the  breakdown  of  the  gaps 
exposed  to  them;  and  as  the  breakdown  of  the  arrester  is  a 
process  of  successive  steps,  the  cumulative  influence  of  this 
action  may  be  considerable.  The  first  discharge  which  passes 
across  the  dielectric  or  air  is  a  true  conduction  of  electricity 
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POTENTIAL  GRADIENTS  UNGROUNDED 

by  the  gas.  The  succeeding  strokes,  however,  are  more  or  less 
in  the  nature  of  a  minute  arc  stream,  as  shown  by  the  spectro- 
scope. 

As  before  stated,  when  the  voltage  between  any  two  cylinders 
becomes  high  enough,  an  arc  takes  place  between  them.  Also 
voltage  is  highest  between  the  cylinders  nearest  the  line.  Fig. 
24  represents  a  series  of  potential  gradient  curves,  with  number 
of  gaps  and  voltage  just  sufficient  to  start  the  discharge  across 
the  first  gap.  These  curves  are  for  the  ungrounded  case  and 
follow  the  approximate  equation: 


where  V^  is  the  voltage  at  any  point  .r, 
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V   is  the  voltage  across  any  arrester, 

g    the  gaps  of  the  arrester,  and 

K  a  constant  depending  on  the  ratio  between  the  capa- 
cities of  cylinder  to  cylinder,  and  cylinder  to  ground.  In  all 
these  the  potential  gradient  between  the  end  cylinders  is  seen 
to  be  the  same  and  is  supposed  to  be  steep  enough  to  break 
down  the  dielectric.     It  is  seen  that  the  number  of  useful  gaps 
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is  limited,  that  beyond  a  certain  point  it  makes  no  difference 
how  many  gaps  are  added,  the  voltage  of  breakdown  is  not  raised, 
and  that  there  is  a  definite  limiting  voltage  which  would  start 
a  spark  across  the  first  of  an  infinite  number  of  gaps.  As  has 
been  often  pointed  out,  a  lightning  stroke  itself  must  be  a 
phenomenon  something  of  this  nature,  as  the  distances  are  so 
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great  that  we  cannot  conceive  of  voltage  high  enough  simul- 
taneously to  rupture  the  entire  dielectric.  The  lightning  must 
either  break  from  drop  to  drop  or  from  dust  particle  to  dust 
particle,  working  its  way  across  to  its  destination. 

Fig.  25  shows  the  -condition  with  one  line  grounded.  In 
this  case  the  potential  gradient  between  the  first  and  second 
cylinders  is  the  same  as  before.     It  is  seen  that  both  the  number 
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of  useful  gaps  and  the  limiting  voltage  are  half  what  they  were 
before,  for  where  the  number  of  cylinders  is  such  that  the  curve 
of  distribution  of  potential  becomes  tangent  to  the  axis  of  zero 
potential,  any  increase  in  the  number  of  cylinders  does  not 
increase  the  voltage  at  which  they  break  down,  and  this  is  just 
half  the  limiting  curve  for  the  ungrounded  condition.  In  the 
design  of  the  practical  lightning  arrester,  however,  we  do  not 
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work  so  high  on  the  curves  as  is  here  shown,  and  the  curves 
themselves  are  altered  by  the  use  of  resistance.  It  is  to  be  noted 
that  for  a  low  number  of  gaps  there  is  little  diflerence  between 
the  grounded  and  ungrounded  curves. 

Fig.  26  shows  curves  of  voltage  and  number  of  gaps  founded 
on  the  curves  of  Figs.  24  and  25.  These  curves  are  of  the  same 
shape  as  have  actually  been  found  by  test. 

Fig.    27   shows   the   volt-ampere   characteristic   of   the   arcs 
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between  cylinders,  and  indicates  that  the  voltage  between 
cylinders  is  equal  to  the  counter  electromotive  force  of  the  arc 
plus  a  factor  which  is  approximately  inversely  proportional  to 
the  square  of  the  current. 

Fig.  28  shows  the  distribution  of  potential  over  the  arrester 
with  one  line  grounded,  where  breakdown  occurs  over  a  number 
of  gaps  without  a  complete  discharge.  This  is  one  of  the  phe- 
nomena of  multigaps.  It  will  be  noted  that  the  potential 
gradient  between  the  first  two  cylinders  begins  in  this  case  at 
a  point  greater  than  the  spark  voltage,  and  that  when  this 
gap  breaks  down  a  new  gradient  is  then  established  from  cylin- 
der No.  2,  which,  although  not  so  steep  as  that  from  No.  1, 
still  breaks  down  the  gap  to  No.  3;  thus  the  successive  gaps 
break  down  until  a  gradient  is  reached  less  than  the  spark 
voltage.     The  reason  for  the  decrease  in  gradient  is  as  follows: 


^VOCTAOE  ORAMCNT  90  6TCEP  AS  TO  DREAK  ACROM  GAP 


OAPA  BETWEEN  OUN0ER8 


when  breakdown  occurs  from  one  cylinder  to  another,  the 
second  cylinder  is  charged  to  the  potential  of  the  first,  less 
the  drop  in  voltage  due  to  the  arc,  which  is  shown  in  the  arc 
characteristics,  Fig.  27,  to  be  very  great  at  small  currents.  The 
current  which  flows  across  the  gaps  in  this  arc  is,  of  course, 
small.  It  is  made  up  at  the  normal  frequency  charging  current 
and  the  charging  current  necessary  to  raise  the  gradient  to  its 
new  position.  On  low  frequency  this  last  is  most  important. 
Due  to  the  drop  in  voltage  as  the  successive  cylinders  break 
down,  the  current  through  the  arcing  gaps  also  decreases,  the 
gradient  of  drop  in  voltage  following  a  curve.  If  the  potential 
gradient  as  the  arrester  breaks  down  from  one  cylinder  to  an- 
other does  not  reach  a  value  less  than  that  of  the  spark  voltage, 
the  breakdown  of  the  arrester  is  complete  and  discharge  passes 
entirely  across  the  apparatus.  This  means  that  either  the 
voltage  was  higher  at  the  start  than  in  Fig.  28,  or  that  the  drop 
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in  voltage  between  the  gaps  was  less.     This  is  shown  clearly 
in  Pigs.  29  and  30,  which  also  indicate  in  the  most  interesting 
manner  the  difference  due  to  the  effect  of  frequency,  which  is 
a  very  important  factor  with  the  multigap  lightning  arrester. 
In  Fig.  29  the  voltage  was  higher  than  in    Fig.  28  and  the 
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COMPLETE  BREAKDOWN  LOW  FREQUENCY 

discharge  was  therefore  complete.     Fig.  30  with  the  same  vol- 
tage as  in  Fig.  28  shows  the  effect  of  high  frequency. 

As  stated  above,  when  the  breakdown  occurs  from  the  first 
to  the  second  cylinders,  the  potential  of  the  second  cylinder  de- 
pends upon  the  amount  of  current  which  passes.     As  this  current 
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is  that  due  to  the  capacities,  which  have  been  considered,  it 
will  be  greater  at  high  frequencies  and  the  fall  of  potential 
between  the  first  and  second  cylinders  will  therefore  be  less. 
As  the  arrester  gaps  break  down  successively,  the  fall  of  potential 
from  one  cylinder  to  another  is  less,  and  therefore  such  an  ar- 
rester will  discharge  at  a  lower  voltage  for  a  higher  frequency 
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than  for  a  low.  At  high  frequency,  due  to  the  inductance 
of  the  cylinders  themselves,  the  normal  gradient  is  steepened; 
this  also  assists  breakdown.  In  such  cases  (Figs.  29  and  30) 
where  the  arrester  discharges  completely,  no  point  is  reached 
where  the  potential  gradient  is  less  than  that  of  the  spark  voltage. 

As  is  well  known,  the  multigap  arrester  without  resistance 
discharges  more  easily  at  high  frequencies  than  at  low.  By 
properly  designing  the  resistance,  this  can  in  a  large  measure  be 
overcome,  so  that  the  arrester  will  protect  equally  well  at  one 
frequency  as  at  another.  However,  in  the  case  under  considera- 
tion, no  resistance  was  assumed. 

In  the  same  way  that  high  frequency  lowers  the  break- 
down of  multigaps  by  increasing  the  current  of  the  spark,  high 
resistance,  by  absorbing  voltage  when  this  current  flows^  de- 
creases breakdown.  Resistance  is  more  effective  at  high  fre- 
quency in  increasing  breakdown  voltage,  as  at  high  frequency 
the  charging  current  is  higher  and  therefore  there  is  more 
voltage  drop  in  the  resistance. 

Resistance.  Resistance  is  one  of  the  important  factors  of 
lightning-arrester  construction.  Its  usual  functions  are,  in  gen- 
eral 1,  to  limit  the  current,  2,  by  shunting  part  of  the  arrester 
to  give  fewer  gaps  for  low  frequency  to  break  across. 

Series  resistance  limits  the  current  under  all  conditions, 
but,  although  in  this  way  protecting  the  arrester,  it  is  dangerous 
in  case  of  a  surge.  It  has  still  another  and  perhaps  worse  effect. 
All  resistance  is  more  or  less  inductive,  and  in  case  of  high- 
frequency  stroke,  serious  resistance  will  prevent  free  discharge 
and  tend  to  reflect  the  disturbing  wave.  With  series  resistance 
the  arrester  may  have  all  the  optical  appearance  of  discharg- 
ing freely  and  may  puncture  test  papers,  while  its  real  value 
as  a  protecting  device  is  not  indicated  in  any  way. 

The  discharge  of  any  quantity  of  electricity  from  a  good 
resistance  during  a  time  which  must  be  at  a  maximum  but  a 
half-cycle  is  easily  a  matter  of  calculation,  and  it  is  apparent 
that,  other  things  being  equal,  the  protection  afforded  by  an 
arrester  is  inversely  as  the  amount  of  series  resistance. 

As  will  be  described  below,  an  arrester  has  been  developed 
in  which  no  series  resistance  has  been  used,  but  in  which  resis- 
tance nevertheless  limits  the  current  of  discharge  except  in 
extreme  cases  of  surge.  Resistance  also  makes  the  arrester 
break  down  at  uniform  voltage  at  all  frequencies  and  assists 
to  discharge  surges. 
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The  desirable  characteristics  of  resistance  are  as  follows, 
it  being  impossible  to  obtain  them  all  in  any  one  known  com- 
bination: 

1.  Sufficient  heat-absorbing  capacity. 

2.  Surface  of  such  character  that  arc  will  not  flash  over. 

3.  Must  be  easily  replaceable. 

4.  Non-absorptive  as  regards  moisture. 

5.  Uniform  conductivity  over  section. 

6.  Non-inductive   and   straight. 

7.  Should  have  no  coherer  action. 

8.  Sufficient  mechanical  strength  to  stand  red  heat  without 
failing. 

9.  High  specific  resistance. 

10.  Resistance  should  not  change  with  use. 

11.  Must  not  become  incandescent  under  service  conditions. 

12.  Must  allow  of  good  contacts. 

Ideal  Lightning  Arrester.  The  ideal  lightning  arrester  should 
prevent  any  rise  of  voltage  dangerous  to  insulation.  It  should 
offer  a  free  path  of  discharge  from  line  to  ground  and  from  line 
to  line,  and  should  preform  its  functions  without  disturbing  the 
operation  of  the  system.     It  should  put  out  the  arc  at  the  end  | 

of  the  half-cycle  in  which  it  starts,  and  should  have  no   dis-  | 

crimination  in  its  protective  power  as  regards  the  frequency  of  1 

the  disturbance.     That  is,  it  should  discharge  at  a  certain  vol-  ; 

tage  for  any  frequency.     An  arrangement  of  gaps  and  resistance  i 

as  shown  in  Fig.  31  meets  this  last  condition  in  this  way;  gaps  ! 

alone    break    down    more    easily     at    high     frequencies,    but  I 

high  frequencies  will  not  readily  break  down  through  both  re-  I 

sistance  and  gaps.     Low  frequency  is  not  impeded  as  much  by  j 

resistance,  but  can  break  through  only  a  few  gaps  for  the  same  ' 

voltage  compared  with  high  frequency.     For  a  given  voltage,  j 

then,  the  higher  frequencies  would  break  through  the  path  with  i 

gaps  only;  frequencies  somewhat  lower,  through  the  path  with  ; 

moderate  resistance ;  and  low  frequency  and  accumulated  static 
through  the  path  with  the  high  resistance.  An  arrester  of  this 
type,  however,  possesses  the  disadvantage  that  after  a  voltage 
of  low  frequency  breaks  across  the  gaps  in  series  witn  the  high 
resistance,  the  current  which  can  follow  cannot  relieve  the  line.  I 

This  can  be  overcome  by  an  arrangement  such  as  shown  in  Fig.  32.  j 

In  this  case  the  same  paths  of  breakdown  for  the  different  fre-  i 

quencies  are  retained,  but  now  if  low-frequency    breaks   down  ' 
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the  gaps  in  series  with  the  high  resistance,  the  entire  voltage 
less  that  consumed  in  the  arcing  gaps  is  concentrated  across 
the  next  highest  division  of  gaps.  These,  if  correctly  designed, 
will  at  once  break  down,  passing  the  strain  still  farther 
up  the  arrester,  and  so  on,  the  arrester  breaking  down  in  sections 
until  it  is  either  completely  broken  down  or  the  line  voltage 
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has  been  lowered  by  the  current  flowing  through  the  resistance. 
This  idea  has  been  worked  out  in  the  design  of  a  new  line  of 
arresters  described  below. 

The    Graded    Resistance    Lightning  Arrester 
During  the  last  year  a  very  large  amount  of   experimental 
work  has  been  done  to  develop  the  multigap  arrester,  and  it 
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is  felt  that  the  results  obtained  will  be,  so  far  as  can  now  be  seen 
the  maximum  development  of  this  type  of  apparatus. 

The  multigap  lightning  arrester  has  had  the  property  of  re- 
sponding more  readily  to  high  frequencies  than  to  low.  In 
the  new  designs,  however,  by  the  use  of  resistance,  as  just  de- 
scribed, this  has  been,  so  that  a  low  frequency  now  discharges 
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with  the  same  facility  as  high  frequency,  and  the  discrimination 
with  regard  to  that  condition  is  largely  removed. 

The  arrangement  for  these  arresters  for  35,000  volts  is  shown 
in  Fig.  33  for  the  delta  and  ungrounded  star  transformer 
connections,  and  Fig.  34  for  grounded  star  systems.  In  each 
case  we  have  three  legs  made  up  of  V  form  multigap  units,  Fig. 
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35.     Each  leg  is  connected  to  one  of  the  lines  through  a  spark 
gap  shunted  by  a  fuse.      Connected    in  just   below   the   fuse 


Fig.  33. 


we  have  a  novel  device,  in  that  we  have  the  three  resistances  in 
parallel,  tapping'  in  to  (liftcrent  parts  of  the  leg  as  shown.  These 
three  line  legs  are  joined  at  their  lower  ends  by  a  common  or 
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multiplex  connection,  from  which,  for  ungrounded  systems, 
a  fourth  leg  connects  to  the  ground.  In  the  arrester  for  grovmded 
star  systems  no  fourth  leg  is  added,  the  multiplex  connection 
being  connected  to  ground. 

Fuses.  The  use  of  a  fuse  in  shunt  ^ith  the  spark-gap  is  for 
the  condition  of  continuous  high  voltage  on  the  lines  from  any 
cause,  an  arcing  ground  or  otherwise.     The  fuse  will  then  blow 
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Fig.  34. 


and  it  will  throw  the  gap  in  series  with  the  arrester  and  thus 
bring  about  an  automatic  adjustment  of  the  gaps.  This  allows 
the  arrester  to  be  adjusted  to  discharge  at  but  a  small  percen- 
tage above  the  line  voltage,  and  thus  to  afford  real  protection. 
The  introduction  of  the  extra  gap  does  not  destroy  the  arrester 
as  a  protective  device;  it  merely  adds  a  factor  of  safety  against 
the  destruction  of  the  arrester.  If  this  fused  gap  were  omitted, 
its  equivalent  would  have  to  be  introduced  as  additional  multi- 
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gaps.  This  fuse  is  so  proportioned  that  it  will  not  blow  at  an 
ordinary  discharge.  The  small  complication  of  the  addition 
of  this  device  is  much  more  than  offset  by  the  close  adjustment 
possible  in  the  arrester,  thus  allowing  the  best  protection  to  be 
had. 

Resistances.  The  three  resistances,  designated  respectively 
L,  M ,  and  H  for  low,  medium,  and  high,  represent  a  distinct 
advance  in  the  art  of  lightning-arrester  design. 

The  operation  of  these  resistances  has  been  partly  described 
above.  It  has  been  shown  how  they  force  discharges  of  different 
frequencies  to  select  different  paths,  giving  breakdown  at  about 
the  same  voltage  in  each  case ;  also  how  they  assist  in  the  break- 
down of  the  arrester  to  give  full  discharge  in  case  of  surge.     It 
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should  be  noticed  that  the  gaps  G^,  which  would  be  the  last  to  go 
down  in  this  way,  are  of  greater  number  than  the  other  divi- 
sions, as  it  is  not  desirable  that  these  gaps  should  breakdown 
except  under  extreme  conditions.  The  low  resistance,  L,  should 
be  able  to  discharge  the  line  sufficiently  to  relieve  the  voltage. 
It  must  be  clearly  understood  that  the  use  of  the  word  *'  break- 
down" means  the  discharge,  not  the  failure  of  the  arrester. 
It  has  been  found  that  when  gaps  are  shunted  by  resistance 
and  the  resistance  is  low  enough,  dynamic  current  will  not 
follow  a  high  frequency  across  those  gaps,  but  will  shunt  at 
once  to  the  resistance.  Such  a  relation  exists  between  the  gaps 
G,  and  the  resistance  L.  This  being  the  case,  it  is  seen  that 
the  resistance  L  is  practically  a  series  resistance  so  far  as  the 
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safety  of  the  arrester  is  concerned,  but  that  it  introduces  neither 
of  the  objectionable  features  mentioned  above.  High  frequency 
discharges  do  not  have  to  pass  through  it,  and  the  shunted  gaps 
can  arc  over  in  case  of  necessity. 

Another  point  to  be  brought  out  is  that  when  gaps  in  series 
with  resistance,  such  as  L  and  Gm*  are  shunted  by  a  second 
resistance  such  as  M,  a  certain  relation  will  bring  about  a  con- 
dition such  that  a  discharge  of  high  frequency  down  the  arrester 
will  be  followed  by  dynamic  shunted  through  M  instead  of 
through  L  and  Gm-  M  may  be  in  this  arrangement  many 
times  L  in  resistance,  and  in  the  arresters  is  high  enough  to 
limit  the  current  which  follows  a  stroke  so  as  to  give  very  little 
burning  of  the  cylinders. 

The  resistance  //,  as  has  been  explained,  is  used  for  assisting 
the  breakdown  of  the  arrester,  and  is  also  used  as  a  static  dis- 
charger, to-  allow  small  currents  to  leak  to  ground  and  thus 
prevent  any  accumulation  of  electricity  on  the  line. 

The  arresters  of  this  type  are  so  designed  that,  should  the  arc 
pass  across  all  of  the  gaps  following  the  static  discharge,  the 
number  of  gaps  is  sufficient  to  extinguish  the  arc,  and  this  holds 
with  each  resistance  and  with  the  gaps  connected  with  it.  That 
is,  any  current  which  might  start  across  any  of  the  resistances 
and  the  corresponding  gaps  would  immediately  be  extinguished 
by  th^t  combination  alone  without  the  shunting  effect  of  the 
other  resistances,  thus  rendering  the  extinguishing  of  the  arc 
doubly  secure. 

The  breakdown  of  the  gaps  does  not  follow  a  straight-line 
law  as  regards  voltage  and  number  of  gaps,  the  increase  in 
voltage  being  less  than  proportional  to  the  increase  in  the 
number  of  gaps.  This  is  the  reason  why,  with  a  grounded  star 
system,  no  fourth  leg  is  used  in  the  arrester  connection  to 
ground,  although  we  have  in  reality  the  multiplex  connection 
between  line  and  line.  In  this  arrester  the  same  margin  for 
breakdown  exists  between  line  and  line  as  between  line  and 
ground,  but  twice  the  number  of  gaps  in  series  do  not  require 
twice  the  voltage  to  break  over  them,  but  with  these  propor- 
tions, approximately  the  voltage  multiplied  by  \/'37 

With  regard  to  the  grounded  leg,  the  fuse  is  so  connected 
with  the  Lg  resistance  that  but  few  gaps  are  in  series,  and  we 
have  a  sensitive  condition  where  the  arrester  will  discharge 
easily  at  low  as  well  as  high  frequencies.  When,  however,  the 
fuse  in  the  grounded  leg  blows,  due  to  a  ground  on  the  line,  we 


456  RUSHMORE  AND  DUBOIS  [Mar.  20 

stai  have  an  arrester  which  will  protect  the  line  with  one  phase 
grounded,  without  suffering  any  injury  to  itself. 

Lightning  arresters  of  the  form  shown  in  Figs.  33  and  34 
have  been  designed  for  the  following  voltages:  6,600,  10,000, 
12,500,  15,000,  20.000,  25,000.  30.000.  35,000.  40,000.  45,000, 
50,000,  and  60,000  volts.  Anything  between  these  voltages  is, 
of  course,  taken  care  of  by  the  arrester  on  one  side  or  the  other, 
as  is  thought  best.  For  lower  voltages,  down  to  300  volts, 
the  arresters  are  of  slightly  different  design,  having  only  two 
resistance  rods.  The  2300-volt  arrester  is  shown  in  Fig.  36. 
For  voltages  below  300  volts  no  resistance  is  necessary,  as  the 
voltage  is  so  low  that  the  arc  can  never  hold.  These  arresters, 
therefore,  consist  simply  of  single  spark-gaps  to  be  connected 
directly  across  the  line. 


Tig.  36. 

The  2300-volt  arrester.  Fig.  36,  being  intended  for  pole  as 
well  as  station  use,  is  necessarily  simpler  in  design  than  the 
high-voltage  arresters.  It  consists  of  14  cylinders,  9  of  which 
are  shunted  by  a  low  resistance  and  11  by  a  high  resistance. 
As  in  the  case  of  the  higher  voltage  arresters,  the  grading  of 
resistance  makes  this  arrester  discriminate  between  frequencies, 
giving  each  a  path  to  break  down  that  requires  a  voltage  not 
too  high  or  too  low.  Accumulated  static  passes  off  across 
the  high  resistance  and  two  gaps  in  series.  High-frequency  dis- 
charges pass  across  the  entire  arrester;  moderate  high  frequencies 
across  the  low  resistance  and  four  gaps.  The  low  resistance 
is.  as  in  the  other  arresters,  proportioned  with  the  number  of 
shunted  gaps  so  that  the  high-frequency  discharge  across  these 
gaps  is  never  followed  by  the  dynamic  current,  the  dynamic 
shunting  at  once  to  the  low  resistance.     A  photograph  of  this 
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arrester  discharging  is  shown  in  Fig.  37.  Note  that  a  discharge 
takes  place  over  all  the  gaps,  but  that  the  arcs  between  the  gaps 
shunted  by  the  low  resistances  are  very  small  compared  with 
the  bright  arcs  between  the  last  four  gaps.  The  static  discharge 
is  passing  through  all  the  gaps,  while  the  half  wave  of  dynamic 
current  following  the  static  is  shunted  part  of  the  way  by  the 
resistance. 

Fig.  38  shows  an  oscillogram  of  this  phenomenon.  It  is  seen 
that  the  only  current  in  the  shunted  gaps  is  the  current  of  static 
discharge.  It  should  be  noted  that  the  current  shown  is  not 
a  measure  of  the  true  current,  as  the  oscillograph  can  not  re- 
spond to  currents  of  such  high  frequency. 

Fig.  39  shows  an  interesting  oscillogram.     Here  both  the  total 
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number  of  gaps  and  the  shunted  gaps  were  reduced  to  a  point 
considerably  below  the  safe  limit.  The  static  discharge  was  at 
once  followed  by  a  half  cycle  of  short-circuit  current  across  all 
the  gaps,  voltage  falling  almost  to  zero.  The  following  half- 
cycle,  however,  shows  that  the  current  left  the  shunted  gaps  and 
flowed  through  the  resistance,  extinguishing  entirely  after  the 
end  of  this  half-cycle.  With  the  small  number  of  gaps  used,  if  it 
had  not  been  for  the  resistance  the  arc  would  have  undoubtedly 
and  the  arrester  would  have  been  destroyed.  This  merely  held 
shows  the  protection  offered  by  a  shunt  resistance  a  step  below 
that  designed.  In  a  correct  design,  the  dynamic  could  not 
have  started  across  the  shunted  gap  in  this  way,  and  the  total 
number  of  gaps  is  sufficient  to  extinguish  the  arc  of  short  circuit, 
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even  with  no  resistance.  Returning  to  the  low-frequency 
breakdown;  as  before  stated,  accumulating  static  merely  dis- 
charges over  the  two  end  gaps.  For  a  rise  in  generated  voltage 
or  a  power  surge,  however,  the  current  which  could  discharge 
through  the  high  resistance  would  have  no  protecting  effect. 
But  with  these  two  gaps  broken  down  and  arcing  across,  the  high 
voltage  would  be  concentrated  across  the  next  two  gaps.  As 
practically  the  same  voltage  broke  through  the  first  two,  these 
will  at  once  break  down,  allowing  a  discharge  through  the  low 
resistance  which  should  be  able  to  take  care  of  the  system.  To 
sum  up,  the  effect  of  this  use  of  resistance  is  as  follows:  the 
high  resistance  discharges  static  at  low  voltage  and  assists 
breakdown  in  case  of  surge.  The  low  resistance  allows  low 
breakdown  in  case  of  surge,  gives  correct  breakdown  to  medium 
high  frequencies,  reduces  the  burning  of  the  cylinders  and  in 
that  way  gives  the  arrester  longer  life,  and  prevents  any  dis- 
turbance of  the  system  which  might  result  from  a  half-wave 
of  short-circuit  to  ground. 

This  arrester  is  designed  to  operate  across  2300  volts.  It  is 
used,  however,  from  each  line  to  ground,  it  giving  in  that  way 
sufficient  protection  and  being  always  able  to  handle  a  discharge 
when  one  line  is -grounded.  It  is  built  to  be  used  single-pole, 
but  by  placing  two  or  three  in  the  same  box,  becomes  double- 
pole  or  triple-pole. 

On  grounded  systems  this  arrester  can  be  used  up  to  4000 
volts  between  lines.  On  ungrounded  systems  by  using  two 
arresters  line  to  line  and  one  from  the  middle  to  the  ground,  this 
arrester  can  be  used  up  to  4,000  volts. 

The  1000-volt  arrester  is  nearly  the  same  in  design  but  has 
only  one  series  gap  below  the  high-resistance  rod. 
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NEW  PRINCIPLES  IN   THE    DESIGN   OF   LIGHTNING 

ARRESTERS* 


BY  E.  E.  F.  CREIGHTON 


The  installation  of  lightning  arresters  is  of  the  nature  of  an 
insurance.  A  certain  percentage  of  the  cost  of  the  apparatus 
can  reasonably  be  invested  as  a  safeguard  in  protecting  the  ap- 
paratus. Furthermore,  a  percentage  of  the  income  can  also  be 
invested  in  protective  apparatus  as  an  insurance  against  inter- 
ruption of  service.  The  value  of  uninterrupted  service  depends 
upon  the  nature  of  the  use  of  the  current  and  will  consequently 
vary  in  different  plants.  Plants  which  make  contracts  involving 
penalties  for  interrupted  service  naturally  put  a  higher  premium 
on  good  service.  Protecting  the  insulation  of  the  apparatus 
has  been  an  easier  matter  than  protecting  the  continuity  of 
service.  It  has  sometimes  happened  that  the  service  has  been 
interrupted  by  the  action  of  the  protective  apparatus  itself. 
This  is  especially  true  in  the  case  of  a  groimded  phase  on  an  in- 
sulated delta  or  Y  system. 

It  is  the  opinion  of  the  writer  that  we  have  in  view  com- 
plete protection  at  the  terminals  of  the  lightning  arrester  ap- 
paratus against  any  high  potential  surge  above  150%  of  the 
normal  voltage  of  the  system,  regardless  of  the  natural  frequency 
of  the  surges  and  the  duration  of  their  application  and  also  re- 
gardless of  the  cause  of  the  surges.  Direct  strokes  of  lightning 
on  a  transmission  line  must  of  course  be  taken  care  of  where  they 
strike.  Arresters  at  some  distance  away  in  the  station  can  be 
expected  to  take  care  of  only  that  part  of  the  charge  which  reaches 
the  station.     How  thoroughly  a  grounded  overhead  wire  will  pro- 

*  This  is  the  first  of  two  papers  on  this  subject. 
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protect  the  line  from  direct  strokes  has  not  been  fully  deter- 
mined, or  otherwise  put,  how  many  and  what  conditions  of 
overhead  grounded  wires  are  necessary  to  protect  the  line  against 
direct  strokes  of  lightning  is  not  definitely  known. 

Arresters  can  be  built  to  take  care  of  high-frequency  surges, 
low-frequency  surges,  grounded-phase  surges  during  an  hour  or 
so,  and  standing  waves.  This  leaves  the  causes  of  interruption  of 
the  electrical  circuit  limited  to  short-drctiits.  These  short- 
circuits  may  be  limited  to  accidental  conditions,  such  as  a  wire 
thrown  across  the  transmission  line,  overheated  apparatus,  etc. 

On  the   Dbsign  op  Multiga.p  Arrester. 

The  novel  features  of  a  new  multigap  arrester  consist  first, 
of  the  discovery  of  a  true  nonarcing  condition  of  shunted  gaps ; 
secondly,  a  combination  in  a  cumulative  manner  of  several 
shunt  resistances,  and  thirdly,  the  design  of  ohmic  resistance  by 
the  volume  method  rather  than  by  the  radiating  surface. 

First \  Absolute  Nonarcing  Condition,  The  term  "non-arc- 
ing "  has  long  been  misused  in  the  sense  of  arcing  during  only 
the  brief  time  of  a  half  cycle  or  only  a  few  cycles  of  the  generator 
wave.  This  action  is  more  correctly  described  by  the  term  recti- 
fying. By  the  term  **  non-arcing  "  in  the  present  application  it 
is  meant  that  the  condition  of  sparking  exists  without  the 
formation  of  an  arc.  Transition  of  a  spark,  where  the  conduct- 
ing medium  is  the  heated  air,  to  an  arc  where  the  passage  of 
electricity  is  accomplished  by  means  of  convection  in  the  arc 
stream  of  zinc  vapor,  involves  the  expenditure  not  only  of  energy 
but  also  of  power. 

The  discharge  of  several  hundred  amperes  for  a  brief  period 
has  been  produced  across  a  gap  without  bringing  the  difference 
of  potential  across  the  gap  down  to  the  normal  value  of  40 
volts,  corresponding  to  a  current  of  one  ampere.  The  power  in 
this  case  was  large  as  compared  to  the  energy.  In  this  con- 
nection brief  periods  approximating  1/100,000  second  are  con- 
sidered. It  seems  to  require  an  expenditure  of  power  for  a 
much  longer  time  to  bring  the  arc  voltage  down  to  even  100 
volts.  As  the  heating  continues  the  voltage  decreases.  This 
effect  is  shown  in  Fig.  1.  The  voltage  of  any  increasing  value 
of  current  is  higher  than  the  voltage  of  the  corresponding 
decreasing  value,  (see  the  two  lower  curves). 

The  difficulty  in  the  initial  transition  from  the  condition 
of  spark  to  the  condition  of  arc  is  shown  by  another  test  on 
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the  same  brass  cylinders.  Forty-five  volts  from  a  storage 
battery  were  applied  to  a  1/32-in.  gap  and  a  discharge  of  a 
Tesla  coil  was  passed  continuously  across  the  gap  for  several 
minutes  without  causing  an  arc  to  form.  In  other  words  the 
battery  gave  out  no  energy.  This  is  a  case  of  a  considerable 
energy  at  low  power  failing  to  cause  an  arc.  It  is  seen  from 
Fig.  1,  however,  if  the  impressed  voltage  of  the  battery  is  higher 
the  arc  will  form  and  the  arc  voltage  will  drop  far  below  45  volts. 
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It  is  possible  to  discharge  induced  static  electricity  over 
multigaps  directly  to  groimd  without  the  intervention  of  series 
resistance  and  still  prevent  the  dynamic  current  of  the  generator 
from  following  the  static  spark,  with  the  resultant  short  circuit. 
This  condition  requires  an  adjustment  of  the  resistance  in  parallel 
with  the  gaps  such  that  the  current  will  be  transferred  to  the 
resistance  before  the  heat  expended  in  the  gaps  is  sufficient  to 


404 


CREIGHTOX:  LIGHTNING  ARRESTERS       [March  29 


bring  the  arc  voltage  to  a  low  value.  The  problem  is  that  of  the 
instability  of  an  arc  (which  is  well  known)  under  the  unknown 
condition  of  volt-ampere  characteristic  of  an  initially  established 
arc.  The  condition  of  instability  of  an  arc  and  resistance  in 
parallel  will  now  be  considered  using  the  volt-ampere  character- 
istic (middle  curve)  of  Fig.  1.  This  curve  shows  that  the  arc  h 
extinguished  by  any  resistance  in  parallel  which  reduces  the  ciu*- 
rent  of  the  arc  to  about  four  amperes.  Below  four  ampere  the 
rate  of  decrease  of  current  is  less  than  the  rate  of  increase  of 
voltage,  therefore  the  current  will  increase  continuously  in  the 
shunt  resistance,  stealing  away  all  the  current  from  the  arc. 


Fig.  2.— Combined  non-arcing  and  rectifying  arrester.  The  resistance 
on  the  near  side  of  the  gap  is  of  low  value.  It  has  cap  contacts  in  the 
slips.  The  nine  gaps  in  shunt  with  this  low  resistance  are  bridged  by 
a  static  spark  having  an  initial  current  value  estimated  at  1000  amperes. 
The  spark  has  a  clean  cut  outline  and  illuminates  the  cylinders  near  it. 
In  the  four  remaining  gaps  to  the  left  the  dynamic  current  is  established 
by  the  same  static  discharge.  The  blurred  impression  of  the  arc  is  due 
to  the  sudden  expansion  of  the  zinc  vapor.  The  resistance  back  of  the 
cylinders  has  a  high  value  and  plays  no  appreciable  part  in  the  dynamic 
discharge.  The  nine  gaps  show  the  new  principle  of  the  absolutely  non- 
arcing  condition. 

The  assumption  is  made  that  the  total  current  is  constant. 
This  assumption  is  usually  permissible.  The  value  of  resistance 
in  parallel  which  causes  the  arc  to  become  unstable  depends  on 
the  value  of  total  current;  the  higher  the  total  current  the  less 
must  be  this  value  of  resistance.  For  example,  in  the  volt- 
ampere  curve  considered,  if  the  total  current  is  10  amperes,  it 
requires  four  ohms  in  parallel  to  make  the  arc  go  out.  If  the 
total  current  is  22  amperes,  the  shtmt  resistance  must  be  reduced 
to  1.3  ohms  to  extinguish  the  arc.  If  the  total,  current  is  500 
amperes  the  resistance  is  parallel  must  be  reduced  to  0.05  ohms. 
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This  last  mentioned  value  is  too  low  to  be  of  practical  impor- 
tance. Lightning  discharges  may  easily  reach  500  amperes,  but 
it  must  be  recalled  that  the  volt-ampere-characteristic  curve 
of  the  initial  discharge  lies  far  above  the  two  curves  given  in 
Fig.  1,  consequently  a  very  useful  value  of  a  few  ohms 
per  gap  will  extinguish  this  spark  before  the  dynamic  arc  can 
be  established.  The  more  favorable  condition  for  the  shunting 
of  the  gaps  when  the  arc  is  just  being  started  is  shown  in  the 
upper  curve  of  Fig.  1.  The  values  of  this  curve  were  taken 
from  an  oscillogram  of  the  voltage  across  one  gap  of  an  arrester 
during  the  brief  period  of  a  half  cycle  (1/120  sec). 

Fig.  2  is  a  photograph  of  the  combined  discharge  of  static 
electricity  and  dynamic  current.  In  the  shunt  gaps  there  is 
nothing  but  the  spark,  whereas  in  the  series  gaps  both  the  spark 
and  arc  bridge  the  gaps.  The  arc  is  shown  in  the  photograph 
by  its  greater  size  and  explosive  stream  of  zinc  vapor. 

Fig.  3  is  an  oscillogram  of  the  currents  of  the  two  shunt 
circuits  and  the  potential  across  the  arrester  when  the  factor 
of  safety  is  diminshed  by  having  only  six  gaps  in  the  parallel 
path.  The  potential  across  the  arrester  drops  from  3,200  volts 
maximum  to  2670  volts  maximum  due  to  the  line  drop  and  the 
regulation  of  the  generator. 

In  order  to  avoid  confusing  the  above  described  phenomenon 
with  the  usual  familiar  conditions  of  shunted  multigap,  a  dis- 
tinction is  herewith  pointed  out.  The  unstable  condition  of  a 
shunted  arc  has  been  known  for  a  long  time;  but  this  instability 
has  to  do  principally  with  alternating  current,  whereas  in  this 
case  only  half  a  cycle  of  the  generator  potential  is  considered; 
in  other  words,  we  are  treating  the  instability  of  a  shunted  direct 
current  arc  during  the  initially  brief  period  of  formation. 

Fig.  4  shows  the  phenomenon  of  extinction  of  arc  in  the  shunt 
gaps  by  shunt  resistance  at  the  end  of  the  first  half-cycle.  The 
arc  in  the  series  gaps  was  extinguisheii  at  the  end  of  the  second 
half-cycle.  This  is  the  effect  previously  obtained  in  shimt 
resistances  where  heavy  currents  were  used.  In  this  test  the 
ohms  per  shunted  gap  were  too  great  to  suppress  the  initial  arc. 

There  is  still  much  research  to  be  done  to  determine  the  exact 
nature  of  the  phenomenon  at  the  instant  of  establishing  and 
extingtiishing  an  arc.  Most  of  the  results  are  of  academic  in- 
terest only.  Here  are  some  queries.  In  the  extinction  of  the 
arc  in  the  series  gap  at  the  end  of  the  half  cycle  in  which  the 
discharge  takes  place,  how  much  effect  is  due  to  rectification 
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of  the  zinc  vapor  and  how  much  to  the  cooling  of  the  arc  dtuing 
the  brief  period  of  zero  current?  The  answer  is  not  simple, 
we  know.  For  small  currents,  the  effect  is  almost  entirely  due 
to  cooling;  for  large  currents,  rectification  by  the  zinc  vapor  is 
more  prominent.     The  distinction  is  liable  to  be  obscured  by 
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Fig.  3. — Oscillogram  57.  Dynamic  discharge  when  gaps  are  shunted  to 
the  absolute  non-arcing  condition.  The  upper  curve  is  the  current  wave 
through  the  series  gaps  and  low  resistance.  The  middle  curve  shows  the 
static  discharge  (and  what  little  dynamic  follows)  in  the  shunted  ^ps. 
The  lower  curve  shows  the  potential  across  the  arrester  inside  the  hgl.t- 
ning  arrester  choke  coils.  The  sudden  drop  in  the  voltage  wave  when  the 
spark  takes  place  is  due  to  the  regulation  of  the  circuit.  There  is  a  10% 
drop.  The  actual  maximum  voltage  across  the  arrester  is  2670  max. 
This  is  divided  thus:  2590  volts  across  the  resistance  and  80  volts  across 
the  series  gaps. 

the  two  auxiliary  accompanying  conditions — first,  the  ioniza- 
tion of  the  air  around  the  zinc  arc  and,  second,  by  the  splashing 
across  the  gap  of  the  superfluous  molten  metal  in  the  crater 
of  the  arc.  Some  years  ago  Mr.  Thomas  stated  that  it  was  neces- 
sary to  limit  the  current  in  a  multigap  arrester  in  order  to  get 
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successful  operation  and  also  that  the  extinction  of  the  arc  was 
accomplished  with  greater  difficulty  if  the  circuit  was  inductive. 
The  explanation  of  these  facts  have  a  practical  bearing  on  the 
matter  given  further  on  in  this  paper. 
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Fig.  4. — Oscillogram  60.  Failure  of  shunt  resistance.  Former  **  non- 
arcing  "  condition.  There  are  only  4  gaps  in  shunt  with  28  ohms.  The 
upper  curve  is  the  current  through  the  resistance.  Note  the  point  marked 
**  static  discharge,"  the  current  in  the  resistance  starts  at  a  value  greater 
than  can  be  maintained.  The  current  in  the  resistance  is  equal  to  the 
voltage  across  the  shunt  gaps  divided  by  the  resistance.  This  peak  value 
bears  out  the  statement  that  both  energy  and  time  are  necessary  to  lorm 
a  stable  arc  of  normally  low  voltage  value.  The  middle  curve  shows 
nearly  short-circuit  condition  of  the  circuit.  Note  that  this  current 
lags  the  potential  while  the  current  in  the  wave  above  with  resistance 
in  series  is  in  phase.  The  lower  curve,  the  potential  wave  shows  the 
condiion  of  sensibly  short-circuit  in  the  first  half-cycle  and  the  recovery 
in  the  second  half -cycle.  Note  in  the  second  half-cycle  that  the  voltage 
jumps  to  about  2500  volts  before  the  current  is  reversed  in  the  series 
gaps. 


Current  Effect. — The    extinction 
a   multigap    arrester    cannot   take 


of    an    established    arc    in 
place   until    the    potential 
reduces  to  zero  at  the  end  of  the  half  cycle  in  which  the  discharge 
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takes  place.  Incidentally  it  may  be  remarked  that  if  the  arrester 
functions  properly  the  arc  should  not  extend  over  the  second 
half  cycle.  (Assuming  no  high  potential  surge  reestablishes 
the  arc).  If  the  rectifying  power  is  not  sufficient  to  extinguish 
the  arc  at  the  end  of  the  first  half  cycle,  it  surely  will  be  unable 
to  do  so  at  any  instant  later  on  account  of  the  heated  metal  in 
the  arc  crater.  (See  Fig.  9).  Consequently  such  an  arc  can  be 
extinguished  only  by  the  flashing  out  of  the  multiarcs  in  one  long 
arc  in  front  of  the  arrester  unit,  the  opening  of  the  circuit  else- 
where by  a  fuse  or  switch,  or  by  the  decrease  in  the  generator 
electromotive  force.  This  decrease  in  potential  will  be  due  to  the 
reaction  of  the  armature  current  on  the  field  winding.  Assume 
then  that  the  arrester  fimctions  properly,  and  furthermore  that 
the  spark  takes  place  on  the  rising  point  of  the  electromo- 
tive force  wave,  this  gives  the  greatest  possible  discharge  of 
dynamic  electricity.  The  energy  loss  in  each  arc  will  be  equal 
to  16  volts  multiplied  by  the  current.  In  other  words,  as  the 
current  increases  there  is  a  concentration  of  energy  at  the  arc 
crater  which  melts  more  zinc  than  is  necessary  to  supply  the  arc 
vapor.  This  molten  zinc  is  splashed  across  the  gaps  and  de- 
stroys the  rectifying  qualities  of  its  vapor. 

In  consequence  of  the  necessity  of  limiting  the  dyiiamic  ur- 
rent,  some  designers  have  chosen  between  two  evils  and  intro- 
duced series  resistance  into  the  arrester  circuit.  Other  designers 
choose  the  evil  of  a  possible  short  circuit.  One  improvement 
in  design  for  this  year  is  the  use  of  a  shunt  resistance  so  pro- 
portioned as  to  prevent  the  dynamic  current  flowing  in  its  parallel 
gaps,  yet  allowing  a  high-potential,  high-frequency  discharge 
to  pass  freely  across  the  shunt  gaps  to  ground,  if  the  resistance 
offers  an  objectionable  impedance.  There  is  resistance  for  the 
dynamic  but  no  resistance  for  heavy  static  discharges. 

Inductive  Circuit  Effect. — Oscillograms  show  that  if  the  arrester 
circuit  is  inductive  the  arc  is  not  extinguished  until  the  potential 
has  passed  through  zero  and  is  well  along  in  the  second 
half-cycle.  Since  the  arc  voltage  is  only  16  volts  per  gap 
for  heavy  currents  the  condition  is  nearly  equivalent  to  a 
short  circuit.  When  the  current  dies  out  the  voltage  across 
the  gaps  suddenly  jumps  to  the  value  generated.  (See  Fig.  5). 
The  arc  has  no  time  to  cool  and  presumably  the  ionized  air 
around  the  arc  starts  the  current  in  the  opposite  direction. 
This  condition  is  to  be  compared  later  to  the  condition  of  arc 
extinction'  in  the  liquid  electrode  arrester,  where  the  current 
reduces  to  zero  before  the  potential. 


1907] 


CREIGHTOX:  LIGHTNING  ARRESThRS 


4^9 


2.  Cumulative  shtint  resistance.  Referring  to  tne  dia- 
grammatic condition  of  Fig.  6,  gaps  No.  8,  9,  and  10  are  pro- 
tected from  dynamic  current  by  the  relation  of  the  shunt  resist- 
ance (r).  The  resistance  (r)  is  small  and  requires,  seven  series 
gaps,  Nos.  1,  2,  3,  4,  5,  6,  and  7   to  extinguish  the  d3rnamic 
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Fig.  5. — Oscillogram  253.  Showing  current  lag,  sudden  recovery  of 
potential,  and  displacement  of  another  phase  of  the  system.  In  the 
lower  curve  note  the  potential  recovery  when  the  current  is  extinguished. 
The  dotted  curve  shows  the  original  form  of  the  wave.  The  middle  curve 
shows  434  amperes  short-circuit  current.  There  were  3  miles  of  line 
wire  to  the  generating  station.  The  upper  curve  shows  the  phase  dis- 
placement in  phase  1  due  to  the  reaction  of  the  armature  current  in  phase 
2.  It  is  noteworthy  that  the  voltage  wave  of  phase  I  did  not  have  a 
peak  value  above  normal  maximum  of  3200  volts  during  this  interval. 


arc.  Under  certain  low-frequency  conditions  of  discharge  this 
number  of  series  gaps  is  objectionably  great.  Consequently 
this  number  is  cut  down  to,  say,  three  gaps.  No.  1,  2,  and  3, 
and  in  order  to  extinguish  the  dynamic  arc  at  the  end  of  the  first 
half-cycle  the  current  must  be  less  than  that  through  the  small 
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resistance  (r) ;  the  relation  of  the  larger  resistance  (R)  to  the  gaps 
numbered  4  to  10  inclusive  is  not  such  as  to  obtain  the  arcless 
condition  of  the  gaps.  The  arcless  condition  of  the  gaps  4,  6, 6, 
and  7  is  obtained  through  the  presence  of  the  small  resistance  (r) 
in  shimt  with  the  large  resistance  (/?).  So  far  as  the  large  re- 
sistance R  is  concerned,  gaps  8,  9,  and  10  cannot  be  considered 
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Figs.  6,  7,  and  8. 


in  the  shunted  circuit.  In  this  cumulative  manner  of  installing 
the  resistance,  the  scries  gaps  may  be  reduced  to  as  near 
the  spark  potential  of  the  normal  circuit  voltage  as  desired. 
Each  time  the  scries  gaps  are  reduced,  the  resistance  must  be 
increased  to  such  a  value  as  to  maintain  the  arc  extinguishing 
effect. 
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Design  of  Lightning  Arrester  Resistance.  Except  in  the  case  of 
recurring  high  potential  surges  the  multigap  arrester  should  extin- 
guish the  dynamic  arc  within  the  time  of  a  cycle  of  the  generator 
wave.  This  period  of  time  is  so  brief  that  radiation  of  heat  need 
not  be  considered  in  the  design  of  the  resistance.  The  basis  of 
design  is  the  utilization  of  the  specific  heat  or  the  heat  capacity  of 
the  resistor.  In  the  lower  resistances  of  the  lightning  arrester 
it  would  be  impracticably  expensive  to  design  the  resistance 
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Fig.  9. — Oscillogram  29.  Three  gaps  and  18  ohms  on  a  2300.  V.  (ef- 
fective) circuit.  Arrester  fails  to  interrupt  the  current  of  137  amp. 
maximum.  If  the  arc  is  not  extinguished  at  the  end  of  the  first  half- 
cycle,  the  rectifying  effect  is  lost.  The  spark  takes  place  at  1860  volts 
increasing  potential.  The  voltage  then  drops  due  to  line  resistance,  etc., 
and  reaches  880  volts  max.  instead  of  3200.  At  the  end  of  the  first 
half -cycle  the  potential  rises  to  1350  before  the  current  is  reversed.  At 
thft  end  of  the  second  half-cycle  it  requires  only  320  volts  to  reverse  the 
current.  At  the  end  of  the  first  half-cycle  on  the  current  wave,  the 
current  remains  zero  for  a  brief  period.  This  effect  does  not  reoccur  at 
the  end  of  any  subsequent  half-cycle.  If  the  current  had  been  less 
three  gaps  would  have  extinguished  the  arc  at  the  end  of  the  first  half- 
cycle. 


to  radiate  the  energy  that  would  be  lost  therein  if  the  current 
were  applied  even  for  several  seconds. 

E?  over  R  multiplied  by  the  time  of  a  half  cycle  gives  the  energy 
to  be  absorbed.  This  value  of  energy  must  equal  the  product 
of  the  specific  heat  times  the  weight  of  material  times  the  tem- 
perature times  4.2. 

Assuming  a  safe  temperature  and  factory  of  safety  the  weight 
of  the  material  can  thxis  be  determined. 
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The  specific  resistance  of  the  material  must  be  chosen  so  as 
to  give  a  length  of  rod  great  enotigh  at  least  to  prevent  the 
formation  of  an  arc  along  the  surface.  In  the  matter  of  selection 
of  material  for  the  resistance,  notable  improvements  have  been 
made. 
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Fig.  10. — Opcillopram  156.  Voltapre  and  current  of  one  gap  of  a  multi- 
gap  arrester.  The  oscillogram  shows  an  initial  voltage  of  93  volts.  The 
drop  from  spark  voltage  to  93  volts  was  too  rapid  to  be  registered  by  the 
oscillograph  vibrator.  This  sudden  drop  in  potential  was  due  to  the 
heavy  discharge  from  Leyden  jars  at  a  frequency  estimated  at  3,000.000 
cycles.  The  decrease  in  voltage  from  93  to  23  volts  is  very  gradual 
with  this  value  of  current  density.  The  upper  volt-ampere  character- 
istic curve  of  Fig.  1  was  taken  from  this    oscillogram. 


LIQUID    ELECTRODE    ARRESTER. 

The  name  "  liquid  electrode  "  is  herewith  given  to  a  new 
form  of  electrolytic  type  of  arrester,  to  distinguish  it  from  the 
other  cell  types  of  arresters,  such,  for  example,  as  the  aluminum- 
cell  type  which  the  writer  has  been  working  on  during  several 
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years.  The  liquid  electrode  is  the  distingiiishing  feature  of  this 
electrolytic  type,  whereas  the  hydroxide  film  of  aluminum  on  the 
aluminum  plate  is  the  characteristic  feature  of  the  aluminimi- 


FiG.  11. — Oscillogram  251.  Six  gaps  and  no  series  resistance  on  a 
3-phase  circuit  of  2300  volts  effective.  The  middle  and  lower  curves 
are  of  the  same  phase.  These  show  a  discharge  of  dynamic  current 
where  the  spark  takes  place  on  the  descending  part  of  the  potential  wave. 
In  spite  of  the  short-circuit  of  the  gaps  the  dynamic  current  rises  only 
to  25  amperes.  In  practice  the  spark  may  of  course  take  place  at  any 
point  of  the  potential  waves.  In  a  poorly  designed  arrester  if  by  chance 
the  spark  should  happen  when  the  potential  is  approaching  zero  the 
arrester  will  extinguish  the  arc  satisfactorily;  if,  on  the  other  hand,  the 
spark  takes  place  on  the  rising  potential  the  effect  may  be  that  shown 
in  Fig.  9.  This  oscillogram  shows  the  futility  of  testing  arresters  with- 
out a  synchronous  switch  to  control  time  of  spark  discharge. 


cell  type.  The  phenomena  which  can  be  produced  by  the 
discharge  of  electric  currents  through  electrolytes  are  of  such  a 
nature  as  to  make  valuable  the  employment  of  an  electrolyte 
in  protective   apparatus.     The   main    effect   obtained   in  each 
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case  may  be  designated  as  a  critical  limiting  voltage.  The 
employment  of  a  critical  limiting  volUige  in  lightning  arresters 
permits  the  design  of  an  arrester  which  will  limit  or  suppress 
entirely  the  dynamic  current  at  normal  potentials,  without  the 
use  of  series  resistance.  Abnormal  potentials  above  the  critical 
limiting  voltage  of  the  arrester  discharge  current  through  the 
arrester  freely  without  obstruction  of  either  counter  electro- 
motive force  or  appreciable  ohmic  resistance.  The  character- 
istic action  of  the  electrolytic  types  can  be  summed  up  in  one 
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Fig.  12. — Oscillogram  74.  Liquid  electrode  arrester  using  gaps  at  the 
surface  of  ih-?  electrolyte.  Two  cells  in  series.  The  current  rises  only  to 
0.4  amperes  and  there  is  no  disturbance  in  the  potential  wave. 


sentence:  obstructed  dischaige  of  electricity  at  normal  poten- 
tials of  the  circuit  and  free  discharge  of  electricity  at  abnormal 
potentials.     The  electrolytic  types  give  great  promise. 

The  liquid  electrode  arrester  may  have  any  one  of  several 
forms  all  involving  the  same  principal.  One  form  is  shown 
in  Fig.  7.  Two  metallic  electrodes  extend  into  a  vessel  con- 
taining an  electrolyte  of  high  conductivity.  The  electrodes 
may  be  dipped  into  the  electrolyte  or  there  may  be  a  small  gap 
left  between   the  electrode  and  the  electrolyte     If  current  is 
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passed  from  one  electrode  to  the  other  in  either  direction,  the  liquid 
must  become  negative  at  one  or  the  other  electrode.  It  requires 
about  1500  volts  to  maintain  the  current  through  the  cell  in 
spite  of  the  fact  that  the  resistance  of  the  cell  is  extremely  low. 
The  current  is  limited  by  the  so-called  counter  electromotive  force 
of  the  arc. 

Electrodes  not  in  Contact.     The  difference  in  effect  produced  by 


t^Fi  ^a0%QFy^  t^^¥rif^  v  --  j^r/tf  s  re 


Fio.  13. — Oscillogram  73.  Liquid  electrode  arrester  using  gaps  at  the 
surface  of  the  electrolyte.  Although  the  spark  takes  place  at  peak 
voltage  only  0.8  ampere  of  dynamic  current  follows.  Comparing  the. 
current  discharge  to  Fig.  12,  the  current  is  twice  as  great  and  persists 
for  a  longer  time.  This  is  due  to  the  fact  that  the  discharge  takes  place 
at  a  higher  point  on  the  potential  wave.  The  counter  e.m.f.  of  the  cells 
is  approximately  equal  to  the  peak  voltage  (3200  volts)  of  the  circuit. 
There  is  no  disturbance  of  the  potential  wave. 


the  conditions  of  contact  between  the  electrodes  as  compared  to  the 
air-gap  setting  is  marked.  For  example,  three  of  these  cells  were 
placed  in  series  across  a  circuit  having  an  impressed  voltage  of  2300 
volts  effective.  Each  electrode  was  set  with  a  small  gap.  The 
equivalent  needle-gap  was  the  same  as  for  four  ^^j-in.  gaps  between 
standard  brass  cylinders  without  series  resistance.  With  this  ar- 
rangement several  hundred  static  discharges  having  an  initial  value 
estimated  at  1000  amperes  were  passed  through  the  cell,  but  no 
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dynamic  current  followed  the  discharges.  The  novel  relation 
of  counter  electromotive  force  practically  as  great  as  the  spark 
voltage  of  the  cell  is  obtained.  The  sum  of  the  counter  electro- 
motive forces  per  cell  is  greater  than  the  impressed  voltage  of 
the  circuit,  consequently  a  spark  passes  without  causing  the  forma- 
tion of  an  arc. 

Under  similar    conditions    in    the   multigap    arrester  using 
fotu*    s's-in.    gaps    the    spark   voltage  of    a  single    gap    may 
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Fig.  14. — Oscillogram  72.  Liquid  electrode  arrester  using  series  gapg 
in  conjunction  with  the  small  gaps  above  the  electrolyte.  There  were 
two  large  lightning  arrester  choke  coils  of  the  pancake  type  in  series. 
These  choke  coils  give  the  exaggerated  drop  of  potential  (500  volts)  at 
the  instant  of  discharge. 


be  in  the  neighborhood  of  2000  volts  and  the  spark  voltage  of 
the  four  gaps  in  series  may  lie  between  5000  and  6000  volts. 
The  electromotive  force  absorbed  by  a  single  arc  in  practice 
will  be  scarcely  greater  than  16  volts  per  gap  or  70  volts  total 
for  the  four  gaps.  The  spark  voltage  is  about  125  times  as  great 
as  the  arc  voltage  for  a  single  gap  or  about  80  times  as  great  for 
the  total  of  the  four  gaps. 

Herefrom  it  follows  that  the  multigap    arrester  does  not  work 
on  the  principal  of  counter  electromotive   force   but   upon   the 


1907] 


CRBIGHTON:  LIGHTNING  ARRESTERS 


411 


principal  of  rectification.  The  arrester  is  therefore  suitable  for 
alternating-current  circuits  but  not  at  all  adapted  to  direct- 
ctirrent  circuits.  When  the  currents  attempt  to  reverse  at  the 
beginning  of  the  second  half-cycle,  several  hundred  or  even 
thousand  volts  may  be  required  to  cause  the  reversal.  During 
the  first  half-cvcle  there  is  little  obstruction  to  the  current  flow- 


hvft(/s OF y.^jooi.  sec. 


Fig.  15. — Oscillogram  80.  Liquid  electrode  arrester  with  immersed 
terminals.  The  heavy  lightning  arrester  choke  coils  are  in  series.  These 
reactance  coils  add  to  the  line  drop  of  potential.  This  oscillogram  shows 
a  method  of  obtaining  any  desired  quantity  of  dynamic  discharge  before 
the  interruption  of  the  current.  The  current  has  increased  from  0.4 
ampere  (Fig.  12)  to  120  amp.  maximum  due  to  the  immersion  of  the 
metal  terminals.  In  spite  of  this  heavy  current  discharge  the  current 
decreases  to  zero  before  the  potential  reaches  zero.  Compare  this  to 
the  results  in  Fig.  5  where  the  potential  reaches  zero  and  reverses  before 
the  arc  is  extinguished. 


ing  in  the  arcs  of  the  gaps,  and  therefore  it  is  necessary  to  have 
an  artificial  resistance  in  series  to  limit  the  dynamic  current. 

A  liquid  electrode  arrester  set  with  four  gaps  of  equal 
value  to  the  above  mentioned  case  will  have  a  spark 
voltage  of  IJ  times  as  great  as  the  electromotive  force 
absorbed  by  the  arc,  considering  a  single  element  only ; 
or    about    1.8    times    as    great    considering   both    cells.      On 
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a  2300  (effective)  circuit  the  maximum  voltage  is  about  3200 
volts.  The  maximum  arc  voltage  of  the  two  cells  containing 
a  particular  electrolyte  is  about  3000  volts.  A  spark  can  form 
into  an  arc  only  at  the  peak  value  and  is  extinguished  long  before 
the  generator  voltages  reaches  zero.  Any  voltage  above  1500 
volts  per  cell  produces  a  rush  of  current  in  proportion  to  the  pres- 


7  f/Af/^s 
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Fig.  16. — Oscillogram  334.  Liquid  electrode  arrester  \^  ith  the  -netallic 
electrodes  slightly  in  contact.  The  upper  curve,  the  potential  wave,  is 
only  slightly  distorted.  The  middle  curve,  the  current  wave,  rises  rap- 
idly to  37  amperes  and  diminishes  gradually  to  zero.  The  lower  curve, 
the  potential  across  the  cell,  rises  with  the  same  abruptness  as  the  current 
wave,  maintains  a  constant  value  while  the  electromagnetic  energy  of 
the  circuit  is  discharging  and  then  droj^s  quickly  to  zero  when  no  longer 
required  to  oppose  the  current  discharge. 


sure  above  1500  volts.  In  other  words,  the  cell  has  a  critical 
voltage  above  which  there  is  a  free  discharge  ()f  electricity  with- 
out the  intervention  of  anything  more  than  a  slight  ohmic  resis- 
tance. In  the  foregoing  explanation  only  general  considerations 
have  been  held  in  view.  Some  of  the  experimental  data  from 
which  the  conclusions  were  drav-ta  a^e  given  later  in  the  form 
of  oscillograms. 
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Electrodes  in  Contact. — When  the  metallic  electrodes  touch 
the  liquid  it  is  necessary  to  introduce  a  single  gap  in  series  to  hold 
back  the  line  potential.  Since  the  counter  electromotive 
force  of  arcs  in  the  arrester  limit  the  current,  this  single  gap 
suffices   even    at    the    high    potentials  used   on   long-distance 
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Fio.  17. — Oscillogram  316.  Liquid  electrode  arrester  with  the  metallic 
electrodes  in  contact  with  the  electrolyte.  The  static  discharge  takes 
place  on  the  rising  part  of  the  potential  wave.  The  drop  in  the  upper 
potential  wave  is  due  to  the  mductance  of  the  circuit.  The  potential 
wave  quickly  recovers  its  normal  form.  The  current  reduces  to  zero  in 
advance  of  the  potential.  The  p>otential  across  the  cell  reduces  to  zero 
with  the  potential  of  the  generator  wave.  The  maximum  counter  electro- 
motive force  of  the  cells  is  equal  to  the  impressed  voltage  of  the  circuit. 


transmission  circuits.  A  simple  arrester  circuit  is  shown  in 
Fig.  8.  The  series  gaps  may  be  set  at  any  value  above  line 
potential.  When  the  potential  breaks  across  the  gaps  the 
current  begins  to  discharge  at  short-circuit  rate.  The  current 
density  at  the  electrodes  is  such  as  to  start  an  arc  which  throws 
the   electrolyte   away   from   the   electrode   and   automatically 
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lengthens  the  arc.  The  arc  voltage  is  greater  than  the  impressed 
voltage  and  consequently  the  current  dies  out.  The  series  gaps 
hold  back  the  line  voltage  and  the  electrolyte  assumes  again  its 
level  in  contact  with  the  electrode.  The  current  starts  on  short 
circuit  but  decreases  so  gradually  that  no  surges  have  been  de- 
tected either  by  the  oscillograph  or  by  parallel  needle  gaps. 
Extensive  experimental  tests  have  been  made  on  a  commercial 


Fig.  18. — Oscilxogram  311.  Liquid  electrode  arrester  with  the  metallic 
electrodes  in  contact  with  the  electrolyte.  The  spark  takes  place  near 
the  zero  value  of  rising  potential,  consequently  the  rise  in  current  and 
potential  across  the  cells  is  more  gradual  than  in  the  previous  oscillo- 
grams. 


circuit  of  2300  volts,  13,000  volts,  and  33,000  volts  normal 
voltage.  The  last  mentioned  circuit  consisted  of  30  miles  of 
three  phase  line  and  was  subjected  to  surges  due  to  ntmierous 
arcs  drawn  out  between  a  phase  and  ground.  These  arcs  to 
ground  attained  maximum  lengths  of  five  feet. 

The  arc  voltage  of  the  liquid  electrode  depends  somewhat  upon 
the  length  of  the  arc.  Since  it  is  the  current  which  depresses 
the  surface  of  the  electrolyte,  the  length  of  arc  depends  greatly 
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upon  the  value  of  the  current.  As  the  current  decreases  the 
electrolyte  rises  toward  the  metallic  electrode.  After  the  first 
instant  the  phenomena  are  of  the  nature  of  cushion  edects. 

The  quantity  of  electricity  which  passes  through  the  arrester 
before  the  electromotive  forces  absorbed  by  the  arcs  becomes 
active  depends  upon  the  amount  of  surface  of  metallic  electrode 


Fig.  19. — Oscillogram  340.  Illustrating  the  critical  limiting  value  of 
cell  voltage.  There  is  but  one  cell  on  a  3200  volts  (max.)  circuit.  The 
spark  takes  place  at  about  3000  volts  and  the  potential  drops  to  1700 
volts  and  remains  sensibly  constant  during  the  rest  of  the  half-cycle  in 
spite  of  the  capacity  of  the  generator  to  which  it  is  connected.  The 
current  rises  to  174  amp.  maximum.  This  cell  acts  as  a  short-circuit 
for  pressure  above  1700  volts,  but  is  active  in  opposing  the  current  flow 
a*;  soon  as  the  pressure  falls  again  to  1700  volts. 


exposed  to  the  liquid.     This  value  can  be  increased  by  immersinj:^ 
the  metal  to  a  greater  depth. 

The  ohmic  resistance  of  the  arrester  is  located  initially  in  the 
liquid  only  but  gradually  divides  between  the  series  arc  and  the 
electrolyte.  The  electrolyte  is  a  large  body  of  large  cross- 
section  and  low  specific  resistance,  and  therefore  the  resistance 
is  ver>'  low. 
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The  electromotive  force  absorbed  by  the  arc  at  the  electrolyte 
varies  somewhat  with  the  nature  of  the  electrolyte. 

Although  the  initial  current  may  be  considerable,  the  total 
current  in  continuous  operation  is  not.     To  deterxniQe  the  en- 


Fig.  20.  ^Oscillogram  351.  The  recovery  of  a  liquid  electxxxle  arrester 
after  a  lightning  discharge.  The  upper  wave  is  the  potential  across  the 
entire  arrester.  The  lower  curve  is  the  potential  across  the  series  gaps 
alone.  The  middle  wave  is  that  of  the  current  of  discharge.  The  actual 
wave  is  not  visible  on  account  of  poor  illumination  of  the  mirror  of  the 
vibrator,  but  the  duration  is  shown  by  the  open  space  in  the  zero  line 
of  current  during  the  third  cycle  after  the  opening  of  the  shutter.  The 
potential  curve  across  the  gaps  shows  a  drop  to  zero,  then  a  gradual 
recovery  to  full  line  potential.  During  this  interval  the  arrester  is 
ready  for  a  second  discharge. 

durance  of  the  arrester,  a  13,000-volt  unit  was  connected  to  one 
phase  of  a  circuit  without  any  series  gap  or  resistance.  This  circuit 
consisted  of  a  2000-kw.  generator  connected  to  nearly  a  mile  of 
cable  and  seven  miles  of  overhead  line.     The  other  two  phases 
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were  protected  by  gaps  set  at  150%  of  line  voltage.  The  poten- 
tial of  these  phases  did  not  jump  the  gaps  during  the  severest 
tests.      It  should  be  noted  that  the  arrester  was  ii;i    action 
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Fio.  21. — Oscillogram  117.  Liquid  electrode  cell  on  3.6  amperes  con- 
stant current.  The  voltage  varies  considerably  due  to  the  splashing  of 
the  electrolyte.  The  small  lumps  in  the  current  wave  are  due  to  the  ir- 
regular intensity  of  the  oscillograph  arc.  The  average  voltage  for  this 
electrolyte  and  current  is  approximately  1000  volts.  The  arc  was 
started  by  means  of  a  5  mil  Boher  wire.  It 
off  this  fuse  with  the  current  at  3.6  amperes. 


required  0.2  sec, 


arc 
to  bum 


Fig.  22. — Oscillogram  133.  Liquid  electrode  cell  on  direct  current 
showing  the  time  required  for  the  arc  to  bore  \  inch  below  the  surface  of 
the  electrolyte.  The  average  potential  with  the  liquid  as  the  negative 
electrode  in  886  volts,  but  when  the  arc  reaches  the  metal  electrode  in 
the  liquid  the  voltage  drops  to  285  volts  or  less.  Shortly  after  the  liquid 
again  sweeps  over  the  lower  metal  electrode  and  raises  the  voltage  again. 


tmder  the  abnormal  condition  of  no  series  gaps.  The 
action  of  the  arcs  gradually  lowered  the  level  of  the  liquid 
until  13,000  volts  would  no  longer  maintain  the  arcs.  The 
time   required   to   do   this   depends  on  the  construction  of  the 
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cells.  In  the  small  cells  it  is  about  five  minutes  and  in  the  large 
cells  somewhere  between  ten  and  twenty  minutes.  This  time 
can  be  increased  if  found  advisable.  This  sustained  operation 
should  make  the  liquid  electrode  arrester  suitable  to  take  care 
of  the  recurring  surges  on  an  isolated  delta  or  Y  system,  when 
one  phase  is  grounded  through  more  or  less  of  an  arc,  dtiring  a 
time  amply  sufficient  to  disconnect  the  faulty  line.  In  the 
foregoing  experiment  a  20-ampere  fuse  in  series  with  the  arrester 
was  unaffected.  Apparently  the  possibility  of  an  interruption 
in  practice  due  to  the  short  circuit  of  the  arrester  can  be  elemi- 
nated  as  it  was  in  this  test. 

In  practice    the  number  of  cells  would  be  chosen  to  give  a 


t'iG.  23. — Oscillogram  136.  Potential  of  a  hom  gap  dischai^ging  36 
amperes  constant  current.  The  arc  rose  up  the  horns  with  considerable 
difficulty.  The  arc  would  flame  to  a  peak  and  the  potential  would  strike 
across  below  the  peak  and  thus  shorten  the  total  length  of  the  arc.  The 
shortening  of  the  arc  would  drop  the  potential.  This  effect  is  shown  in 
the  lower  curve  of  the  oscillogram  by  the  repeated  drops  in  the  potential. 
The  arc  held  in  the  narrow  gap  for  about  a  second.  This  is. shown  by 
the  low  voltage  of  the  curve.  The  total  time  the  arc  held  was  two 
seconds. 


critical  limiting  voltage  of  125^/^;  to  140%  of  the  impressed  vol- 
tage. The  gap  length  may  be  set  to  give  any  desired  protection. 
Since  the  arrester  has  but  a  single  gap,  the  spark  potential  is  as 
near  independent  of  the  natural  frequency  of  the  lightning  surge 
as  possible.  It  should  discharge  with  facility  low-frequency 
surges.     It  has  a  small  dielectric  spark  lag. 

The  characteristics  of  the  liquid  arrester  have  been  studied 
in  detail  with  the  aid  of  an  oscillograph.  A  few  oscillograms 
have  been  chosen  which  shuw  the  effect  of  a  cell  on  the  current 
and  potential  of  a  commercial  2300- volt  circuit.  Among  other 
things  shown   in  these  oscillograms  are: 

The  effect  of  discharge  at  different  points  of  the  potential 
wave. 


i9or] 


CREIGHTON:  LtctiTNtNG  ARR^ST^RS 


48S 


The  effect  of  more  or  less  immersion  of  the  metallic  electrode 
on  the  current  and  potential. 

The  critical  limiting  voltage  of  an  electrolyte. 

The  critical  limiting  voltage  of  the  arc  in  the  standard  multi- 
gap  arrester  (this  is  given  for  comparison). 

The  initial  short-circuit  effect  and  subsequent  cushion  effect. 

The  recovery  of  the  cell  after  the  discharge. 

The  reduction  of  current  to  zero  before  the  potential  wave 
reaches  zero. 

The  writer  pays  his  grateful  homage  to  the  originator  of  the 


oscillograph  M.  Andr6  Blondel.  The  value  of  the  oscillograph 
in  this  work  will  be  evident  from  an  inspection  of  the 
oscillograms.  The  auxiliary  apparatus  necessary  to  get 
initial  effects  of  discharges  is  quite  essential.  The  problem  ' 
is  to  place  on  a  revolving  photographic  film  with  a  total 
time  of  exposure  of  about  1/10  second,  a  static  spark 
which  will  start  the  dynamic  current  flowing  at  any  chosen 
point  of  the  potential  wave  not  varying  in  location  by  more  than 
about  1/1000  second.  In  the  following  described  combination 
of  switches  the  operations  are  entirely  automatic.  It  requires 
only  the  release  of  a  latch.     The  oscillograph  is  so  constructed 
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that  a  lever  operates  the  shutter.  The  shutter  is  opened  by 
the  lever  and  closed  by  a  complete  revolution  of  the  drum  carry- 
ing the  photographic  film.  Fig.  24  shows  the  connections  and 
locations  of  the  apparatus.  When  the  pendulum  is  released  it 
strikes  a  string  at  B  which  opens  the  kodak  shutter;  it  then 
closes  the  circuit  between  the  two  parallel  strips  during  an  inter- 
val depending  on  the  velocity  of  the  pendulum  and  the  length 
of  the  strips.  Meanwhile  the  synchronous  motor  carrying  the 
synchronous  switch  at  D  closes  the  circuit  of  the  static  machine 
located  at  G.  This  release  of  the  potential  on  the  inner  coat- 
ings of  the  Leyden  jars  throws  the  potential  on  to  the  lightning 
arrester  L  A,  thus  producing  a  spark  across  the  gaps.  An  arc 
follows  from  the  dynamic  potential  which  is  also  impressed  on 
the  terminals  of  the  lightning  arrester.  The  vibrators  of  the 
oscillograph  are  shown  at  E,  and  I.  The  static  machine  is 
kept  running  at  such  speed  that  it  will  not  spark  across  the 
gap  at  C.  The  potential  of  the  static  machine  is  also  easily  con- 
trolled by  the  application  of  more  or  less  needles.  These  needles 
can  be  regulated  to  discharge  the  current  of  the  static  machine 
as  rapidly  as  it  is  generated.  The  potential  can  thereby  be 
limited  to  any  desired  value. 
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Discussion  on  "  Lightning  Phenomena  in  Electric  Cir- 
cuits'', **  Protection  Against  Lightning,  and  the  Mul- 
TiGAP  Lightning-Arrester'',  and  *'New  Principles  in 
THE  Design  op  Lightning-Arresters",  at  New  York, 
March  29,  1907. 

F.  A.  C.  Perrine:  Dr.  Steinmetz  gives  a  clear  description  and 
classification  of  the  lightning  phenomena  that  aid  us  greatly 
in  understanding  the  problems  and  the  methods  proposed 
for  meeting  them.  They  are,  however,  the  simple  prob- 
lems; there  is  yet  to  discuss  what  occurs  when  two  sets  of 
waves  started  from  different  points  on  a  long  transmission  line 
eventually  come  together.  Aside  from  the  increased  constants 
(capacity  and  self-induction)  I  think  there  will  be  additional 
difficulties,  due  to  the  fact  that  in  a  long-distance  transmission 
line  traversing  a  great  area  there  may  be  a  storm  at  a  certain 
part  of  the  line  and  clear  weather  at  another  part;  or  there 
may  be  two  independent  storms  in  different  parts  of  the  line, 
giving  lightning  effects  which  induce  waves  that  meet  and 
combine,  and  increase  the  effects.  Otherwise  there  would  not 
be  so  much  difficulty  in  protecting  fairly  well  a  long  and  ex- 
tensive low-potential  distribution  system. 

I  am  inclined  to  disagree  with  Messrs.  Rushmore  and  Dubois 
in  regard  to  the  horn  arrester.  The  real  theory  adopted  by 
those  who  have  used  the  horn  arrester  is  largely'left  out  of  this 
paper.  The  horn  arrester,  where  used  successfully,  has  been 
used  on  the  principle  that  the  wave  trains  which  Dr.  Steinmetz 
has  been  explaining  do  not  in  themselves  produce  potentials 
that  will  break  down  the  insulation  of  high-potential  lines. 
The  principle  is  that  money  would  be  better  spent  in  erecting 
lines  so  as  not  to  make  the  insulation  subject  to  breakdown 
by  wave  trains  of  relatively  low  potential,  such  as  would  have 
to  be  guarded  against  in  lower  potential  lines.  The  horn  ar- 
rester is  introduced  with  the  idea  of  saving  the  apparatus  from 
destruction  where  any  other  form  of  arrester  would  not  itself 
be  destroyed,  and  even  if  protected,  the  machinery  would  lie 
open  for  damage  in  the  further  continuance  of  the  storm.  This 
is  a  condition  frequently  met  with  in  the  introduction  of  the 
multigap  arrester  even  of  the  best  form.  With  extreme  cases, 
which  Dr.  Steinmetz  has  described,  of  the  short -circtiiting 
potential  and  discharge  across  the  arresters  of  extraordinarily 
high  energy,  the  multigap  arresters  generally  fail  and  the  line 
is  then  left  unprotected  even  if  the  machinery  is  safe. 

At  a  recent  meeting  of  the  Institute,  in  referring  to  the  light- 
ning-arrester problem,  if  I  remember  correctly,  Mr.  Mershon 
said  he  used  three  sets  of  horn  arresters  each  of  a  different  value 
of  resistance  in  series.  That  system  has  had,  say,  a  year  of 
operation  at  Niagara  Falls.  While  it  has  demonstrated  that 
the  system  of  protection  is  not  complete — requiring  for  certain 
tjrpes  of  discharge  that  come  from  the  line  a  set  of  multigap 
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arresters  in  connection  with  the  horn  arresters  situated  prob- 
ably inside  the  station — yet  the  horn  arresters  will  discharge 
over  the  multigap  arresters,  and  these  high-frequency  dis- 
charges are  discharged  over  the  multigap  arresters  harmlessly. 
At  the  same  time  the  horn  arresters  discharge  the  low  period- 
icity surges  which  are  usually  destructive  to  the  multigap  ar- 
rester. 

I  do  not  agree  with  Mr.  Rushmore  and  Mr.  Dubois  that  the 
horn  arrester  is  better  adapted  for  discharging  high-frequency 
discharges.  As  a  matter  of  fact  the  opposite  is  true.  As 
stated  by  Mr.  Creighton,  the  higher  the  frequency  of  the  dis- 
charge the  more  rapidly  is  it  carried  over  the  multigap  ar- 
rester. The  low-frequency  discharges  are  not  so  well  taken 
over  the  multigap  arrester,  whereas  with  the  horn  arrester  the 
low-frequency  discharge  is  more  rapidly  taken  over  than  with 
the  multigap  arrester. 

In  the  present  state  of  the  art,  excluding  the  electrol3rtic  ar- 
rester described  in  one  form  to-night  and  in  another  form  by 
Mr.  Jackson  a  few  months  ago,  I  think  the  best  protection  is 
a  combination  of  the  horn  and  multigap  arrester;  the  multigap 
arrester  to  take  charge  of  the  relatively  high-frequency  dis- 
charges, and  the  horn  arrester  to  take  charge  of  the  low-fre- 
quency discharges. 

I  think  that  the  construction  of  a  polehead  to  take  care  of 
the  overhead  ground  wire  is  open  to  criticism.  In  the  first 
pl^ce,  the  pipe  is  an  extremely  bad  piece  of  engineering.  The 
connection  to  the  pole  is  not  good,  for  the  amount  of  leverage 
shown  is  excessive;  and  I  confess  that  for  the  present  I  cannot 
see  how  a  workman  is  going  to  attach  a  ground  wire,  f-in.  in 
diameter  to  the  top  of  the  pipe,  unless  there  is  some  means 
provided  for  hauling  up  the  wire  to  prevent  the  dead-end  from 
being  pulled  over. 

As  regards  the  guard-wire  put  on  the  arm,  as  a  horn  arrester 
to  protect  the  insulator,  I  cannot  see  how  that  particular  form 
of  arrester  will  do  other  than  hold  the  arc.  If  an  opposite  horn 
were  brought  out  from  the  line,  and  a  horn  arrester  made  there, 
it  would  discharge  and  protect  the  insulator  In  the  same 
connection  the  authors  speak  of  the  specification  for  this  over- 
head wire.  I  have  always  believed  that  a  barbed  wire,  if  made 
properly,  is  a  better  means  of  line  protection  than  a  smooth 
wire;  at  the  same  time  I  question  very  much  whether  a  satis- 
factory barbed  wire  arrester  can  be  made.  I  prefer  a  three-wire 
J-in  strand  of  high  grade  steel  to  a  f-in.  stranded  steel. 

The  treatment  of  the  multigap  arrester  adds  to  our  knowledge 
of  the  manner  of  action  of  this  bit  of  apparatus.  Mr.  Creighton 
explains  particularly  the  influence  of  the  rectif3dng  effect  of  the 
non-arcing  metal  (to  refer  to  Wurts'  term).  The  capacity  effects 
described  in  the  paper  by  Messrs.  Rushmore  and  Dubois  are  simply 
in  addition  to  the  effect  of  the  series  resistance  or  shimt  resistance, 
and  in  addition  also  to  the  rectifying  effect  of  the  metal  in  the 
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gaps — and  metal  which  will  rectify  is  absolutely  necessary  for  the 
success  of  the  multigap  arrester.  Mr.  Creighton  explains  in  an 
interesting  way  the  ftmction  of  the  resistance  in  connection  with 
the  multigap  arrester.  He  calls  attention  to  the  fact  that 
there  is  really  no  radiation  from  the  resistor  in  such  an  ar- 
rester; and  in  forming  such  resistor  there  must  be  taken  into 
accotmt  the  specific  heat  of  the  material  and  the  extent  of  the 
metal,  so  that  it  may  absorb  the  energy.  At  this  time,  and 
I  believe  for  the  first  time,  our  attention  is  called  to  the  fact 
that  the   radiation  of  the   resistor  is  relatively  unimportant 

We  seem  to  have  here  an  entirely  new  form  of  electrolytic 
arrester.  The  principle  Mr.  Creighton  describes  is  of 
actually  striking  an  arc  in  the  electrol)rte,  and  so  obtaining 
the  benefit,  as  a  resistance,  of  the  counter  electromotive  force 
of  the  arc  is  very  important  indeed.  We  all  know  what  Edison 
said  of  his  storage-battery:  "The  damned  thing  is  wet."  This 
apparatus  is  not  only  wet,  but  it  relies  for  its  action  on  the 
formation  of  an  arc  within  the  arrester,  which  I  should  sup- 
pose would  very  rapidly  evaporate  the  electrolyte,  and  the  cells  • 
would  require  considerable  watching  in  order  to  keep  the  elec- 
trolyte at  a  certain  level. 

As  Dr.  Steinmetz  has  aptly  said,  lightning-arrester  problems 
cannot  be  efficiently  studied  in  the  laboratory.  At  the  same 
time  our  somewhat  restricted  methods  of  work  in  the  laboratory 
can  better  be  explained  and  extended  to  practical  use  by  means 
of  the  oscillograph  than  by  any  other  means.  The  laboratory 
work  on  the  electrolytic  arrester  of  Mr.  Creighton  is  of  great 
importance,  particularly  because  he  shows  his  arrester  as  a 
single-gap  arrester;  in  other  words,  a  horn.  At  the  same  time 
he  shows  how  the  horns  can  be  set  close  enough  together  so 
that  they  will  take  care  of  the  high-frequency,  low-potential 
discharges  as  well  as  the  low-frequency,  high-potential  dis- 
charges; this  gives  practically  a  single  horn  arrester  with  a 
variable  resistance  in  series,  which  is  all  that  the  horn  arrester 
needs  in  order  to  become  the  best  arrester  that  can  be  made. 
Furthermore,  the  electrolytic  arrester  puts  what  amounts  to 
practically  a  variable  fuse  in  the  circuit,  as  well  as  a  variable 
resistance,  and  it  gives  also  a  replaceable  fuse.  In  my  mind 
the  need  of  the  fuse  is  the  greatest  criticism  that  can  be 
made  of  the  arresters  shown  by  Mr.  Rushmore.  All  these 
arresters  have  fuses  in  them.  If  they  are  meant  to  blow,  I 
feel  quite  sure  that  all  operating  men  will  agree  that  in  a  serious 
thimderstorm,  such  as  occurs  in  the  South  or  in  the  Colorado 
region,  they  will  never  be  replaced  after  they  have  once  blown 
during  that  storm.  I  do  not  know  of  any  man  with  nerve 
enough  to  go  near  an  arrester  to  put  in  a  new  fuse. 

This  substitution  of  a  variable  resistance,  counter  electr<?- 
motive  force,  and  a  replaceable  fuse  and  single  gap  arrester  which 
is  described  by  Mr.  Creighton,  is,  in  my  mind,  the  practical 
solution  of  the  lightning-arrester  problem.     I  believe  if  this  is 
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worked  out  commercially  we  will  be  much  nearer  the  complete 
solution  of  this  problem  than  we  have  ever  been  before. 

Farley  Osgood:  I  will  not  attempt  to  discuss  the  papers  in- 
dividually, but  will  endeavor  to  contribute  some  corroborative 
evidence  concerning  the  problem  as  a  whole.  Experience  seems 
to  show  that  lightning  protection  is  an  individual  study  for 
each  individual  plant,  and  for  each  individual  locality,  in 
talking  with  other  operating  engineers,  I  find  that  they  use  quite 
different  methods  of  protection  from  the  ones  we  use  and  they 
are  equally  successful  or  tmsuccessful.  Each  man  seems  to  have 
his  own  ideas  about  it,  so  I  think  that  the  lightning-arrester 
problem,  like  some  of  our  other  problems,  is  going  to  be  a 
rather  difficult  one  to  standardize.  I  do  not  think  the  difficul- 
ties of  atmospheric  conditions  are  so  very  serious,  generally 
speaking.  Dense  fog  causes  most  of  the  trouble  to  our  outside 
system;  during  other  times  we  seem  to  get  along  without 
difficulty. 

I  will  now  relate  some  actual  experiences  occurring  in  a  33,000- 
volt  transmission  system,  of  60  miles,  cairying  three  sub- 
stations, with  power  and  lighting  load,  and  60-cycle  synchronous 
converters.  The  multigap  arrester  with  the  resistance  in  series 
with  the  gaps,  was  used  in  1904  and  1905,  and  was  finally  given 
up  because  the  series  resistance  sticks  broke  and  the  protection 
was  lost.  The  next  year  we  took  up  the  multigap  arrester 
without  the  resistance  sticks  in  series.  This  arrester,  as  can 
be  seen  from  the  photographs  here,  was  very  easy  to  adjust 
by  changing  the  units  to  be  shunted  and  changing  the  resistance 
of  the  shunt.  We  started  with  14  units  of  24  gaps  each,  shunting 
three  units  with  14  sticks,  250  ohms  per  stick.  This  equipment 
was  gradually  reduced  until  we  used  10  units,  to  the  multiple 
connection  between  the  phases,  and  ten  units  below  the  multi- 
plex, shunting  5  units  with  seven  250-ohm  resistance  sticks. 
We  found  by  the  tell-tale  papers  that  wth  seven  250-ohm  re- 
sistance sticks  the  current  would  seldom  pass  through  the 
shunt  resistance.  We  reduced  them  to  five  and  then  found 
that  we  got  at  least  half  the  discharges  through  the  shimt,  some- 
times more.  This  arrester,  adjusted  in  this  way,  has  been  suc- 
cessful. '  It  takes  light  discharges  without  the  slightest  diffi- 
culty; it  takes  moderate  discharges  with  but  very  little  difficulty; 
it  takes  very  severe  discharges  at  times,  but  these  severe  dis- 
charges are  apt  to  cause  the  cylinders  of  the  arrester  to  weld 
together,  which  of  course  puts  the  arrester  out  of  service. 

Another  thing  that  has  been  noticed  is  that  the  discharge  is 
THore  frequently  line  to  line  than  line  to  ground.  The 
^906  record  shows  that  we  have  taken  in  some  storms  twenty 
discharges  without  an  interruption  to  service,  our  time-limit 
4:)reakers  being  set  at  six  and  a  half  seconds.  We  have  taken 
17  discharges  without  interruption,  the  eighteenth  discharge 
opening  the  breaker.  I  could  cite  case  after  case  of  storm 
in  the  surrounding  coimtry,  but  not   directly  on  the  system, 
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where  there  were  intermittent  discharges  between  the  phases 
to  the  extent  of  fifteen,  or  even  as  many  as  twenty-five  in  the 
course  of  two  or  three  hours,  without  the  slightest  indication  of 
interruption.  This  is  the  best  record  we  have  been  able  to 
obtain  with  protective  devices. 

Mr.  Rushmore  and  Mr.  Dubois  speak  of  choke-coils.  We  have 
found  them  very  effective,  and  consider  that  they  are  a  great 
protection  to  the  high-tension  bus-bar  insulators.  A  20-tum 
coil  6  in.  in  diameter  made  of  00  copper  seems  to  answer  our 
purpose  fairly  well. 

Dr.  Perrine  objects  to  the  electrolytic  arrester  on  accotmt  of 
its  being  wet,  but  I  see  no  reason  why  it  should  not  be  made 
water-tight. 

I  do  not  wish  to  talk  very  much  about  Mr.  Creighton's  tests, 
although  it  was  my  pleasure  to  be  present  at  the  time  they 
were  made.  I  can  simply  corroborate  what  he  says,  that  some 
40  arcs,  five  feet  in  length,  were  drawn  by  grounding  one  phase 
wire  just  ahead  of  the  Uquid  arrester.  The  multigap  arresters 
just  described,  the  record  of  which  just  given  shows  that  they 
are  very  sensitive,  were  in  parallel  with  the  liquid  arrester. 
Not  once  was  there  any  apparent  discharge  on  any  of  the  units 
of  the  multigap  arrester.  These  tests  were  made  with  30 
miles  of  circuit  cut  in. 

Dr.  Perrine  speaks  of  the  length  of  the  transmission  line  having 
a  great  deal  to  do  with  the  matter  of  protection.  That  seems 
to  be  true.  In  our  experience  we  found  wave  peaks  developed 
between  stations,  which  do  much  damage  before  the  arresters  at 
the  ends  of  the  line  begin  to  help  out.  We  installed  what  we 
call  our  midway  arrester,  a  multigap  installation  about  10  to  12 
miles  from  the  power  station.  Immediately  after  this  was  put 
into  service  the  constant  static  discharge  on  the  power  station 
arresters  and  the  sub-station  arresters  was  cut  down  nearly 
one-half,  and  the  constant  static  discharge  at  the  midway 
arrester  was  greater  than  at  the  generating  station  or  at  any 
of  the  sub-stations.  That  seems  id  be  fairly  good  proof  that 
arresters  on  the  line  are  a  good  thing.  For  the  benefit  of  other 
operating  engineers,  I  might  state  that  this  arrester  eqtiipment 
is  very  near  the  patrolman's  house,  so  that  it  is  easily  con- 
trolled. 

One  great  trouble  in  following  the  study  of  arresters  is  to  get 
definite  information  concerning  the  action  of  the  arresters. 
We  do  our  best  with  tell-tale  papers,  but  it  is  very  often  im- 
possible to  replace  a  tell-tale  paper  after  a  discharge  comes,  for 
another  discharge  comes  so  soon  and  operators  have  other 
things  to  do  besides  watching  the  arresters.  Our  tell-tale 
papers  bum  up  during  severe  storms,  and  this  destroys  our 
records  completely.  I  would  suggest  that  a  tell-tale  paper 
which  would  not  take  fire  but  which  could  be  prepared  to  show 
a  puncture,  would  help  us  to  obtain  better  records.  It  is  a 
difficult  matter  to  get  the  operators  to  realize  the  importance 
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of  following  every  Kghtning  storm,  to  the  extent  of  counting 
the  ntunber  of  discharges,  but  if  proper  forms  are  made  for  this 
purpose  I  see  no  reason  why  the  study  cannot  be  carried  on 
without  great  difficulty. 

The  worst  operating  condition  we  have  to  meet  is  that  due 
to  grotmding.  More  damage  is  done  when  a  phase  grotmds 
than  at  any  other  time,  I  am  not  prepared  to  say  that 
grounds  only  are  responsible  for  the  destruction  of  apparatus, 
but  more  apparatus  is  destroyed  when  there  are  grounds  than  at 
any  other  time.  Mr.  Creighton's  liquid  arrester,  which  was 
connected  for  the  protection  of  grounds  on  the  system,  apparently 
solved  the  problem  completely.  The  development  of  the 
liquid  arrester  brings  out  the  fact  that  at  least  for  grotmds  it 
may  be  necessary  to  have  arresters  only  at  the  generating  end 
of  the  system,  or  at  least  at  the  extreme  ends,  with  no  equipment 
in  between.  The  power  of  self-restoration  of  the  electrolytic 
arrester  is  one  of  its  most  beneficial  qualities. 

P.  H.  Thomas:  It  is  interesting  to  note  that  most  engineers 
are  in  agreement  in  the  matter  of  protecting  apparatus  from 
damage  by  lightning.  The  multigap  arrester  with  shtmt  resist- 
ance, ignoring  the  electrolytic  arrester  for  the  present,  seems 
to  be  the  most  promising  direction  in  which  to  work.  The 
differences  in  commercial  designs  now  are  comparatively  small. 

In  general  I  agree  with  nearly  all  that  is  said  in  these  papers, 
but  there  are  some  things  still  open  to  an  honest  difference  of 
opinion.  Unfortunately,  it  is  necessary  to  emphasize  the  things 
we  do  not  agree  with,  even  if  they  are  not  so  important  as 
some  things  we  may  approve  of. 

I  do  not  know  that  I  agree  with  Dr.  Steinmetz's  new  definition 
of  lightning.  We  must  of  course  recognize  the  fact  that  an  ar- 
rester is  not  only  effective,  if  it  is  effective  at  all,  against  light- 
ning, but  also  against  the  other  sorts  of  static  disturbances; 
but  if  we  want  a  general  term,  rather  than  change  the  time- 
honored  significance  of  **  lightning,^'  I  would  suggest  the  word 
"  static,''  which  has  been  pretty  generally  used.  Another 
thing  which  does  not  appeal  to  me  is  the  analogy  that  Dr. 
Steinmetz  makes  between  electrical  wave  phenomena  and 
the  surf  of  the  ocean.  The  reference  to  surf  presumably 
means  the  dashing  of  spray  which  results  from  the  potmd- 
ing  of  the  water  against  a  surface,  either  the  horizontal 
surface  of  the  beach,  or  the  overhanging  surface  of  a  rock. 
As  we  all  know,  in  the  electric  circuit  capacity  is  analogous  to 
the  spring  or  to  elasticity;  that  is,  the  freedom  of  the  water  of 
the  ocean  to  move  upward  in  the  analogy.  Self-induction  is 
analogous  to  inertia.  The  analogy  of  the  splashing  of  water, 
where  it  strikes  against  an  opposing  surface,  is  the  breaking,  or 
instantaneous  stoppage  of  the  flow  of  current ;  it  is  in  the  nature 
of  the  Wehnelt  interrupter,  or  the  low-tension  break  in  a 
Rhumkoff  coil.  The  phenomenon  in  a  transmission  line. 
when  a  wave  meets  a  reflecting  point,  is  truly  analogous  to  the 
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wave  in  the  water  reaching  a  perpendicular  smooth  wall;  the 
wave  will  rise  to  double  the  height,  but  there  will  be  no  splash- 
ing— a  plain,  simple  vertical  rise.  If  the  wave  be  in  a  trough 
of  water,  and  the  trough  tapered  off  to  a  point,  and  the  taper 
commensurate  with  the  length  of  the  wave,  there  will  be  a  rise 
of  potential,  but  not  a  splash;  a  normal,  straightforward  rise. 
There  is  evidently  no  break  in  the  contintiity  of  a  transmission 
circuit  on  the  reflection  of  the  electric  wave. 

I  am  more  inclined  to  agree  with  Mr.  Rushmore  than  with 
Dr.  Perrine  in  connection  with  the  horn  type  of  arrester.  I 
think  we  are  far  enough  advanced  to  protect  our  apparatus 
without  the  very  annoying  disturbances  of  shutting  down 
the  plant.  The  grounded  wire  is  certainly  some  protection, 
but,  as  Mr.  Rushmore  says,  not  complete  protection.  One  of 
the  difficulties,  even  if  the  wire  is  placed  directly  overhead  is 
that  the  discharge  which  strikes  the  line  is  more  apt  to  come 
from  the  side.  Coming  thus,  it  approaches  one  of  the  side 
wires  before  it  does  the  groimded  wire,  and  there  is  frequently 
recurring  on  these  lines  alternately  positive  and  negative  poten- 
tial, which  will  tend  to  draw  the  discharge  to  one  of  these  wires 
from  the  ground  wire.  It  is  often  suggested  that  a  grounded 
wire,  if  it  be  grounded  frequently,  will  act  effectively  in  reducing 
the  severity  of  discharges,  on  account  of  the  short-circuiting 
secondary  action.  It  does  not  seem  to  me  probable  that  the 
effectiveness  of  this  action  will  be  at  all  considerable,  and  for 
this  reason — to  produce  any  corrective  effect  the  reaction  of 
the  induced  current  on  the  primary  circuit  must  be  considerable. 
Take  an  ordinary  static  transformer,  where  the  reaction  of  the 
secondary  on  the  primary  is  virtually  perfect.  To  accomplish 
this  result  it  is  necessary  to  have  an  iron  core  and  the  closest 
relationship  between  the  primary  and  secondary  windings.  In  the 
constant-current  regulating  transformer,  where  there  is  pro- 
vision to  separate  the  windings,  if  the  coils  are  close  together, 
there  will  be  a  nearly  perfect  relationship  between  the  primaries 
and  secondaries,  and  a  nearly  perfect  reaction  of  the  secondary 
on  the  primary.  But  if  the  secondary  is  separated  from  the 
primary,  the  effect  of  the  secondary  on  the  primary  is  almost 
negligible. 

In  his  admirable  discussion  of  the  principles  covering  the 
discharge  through  a  series  of  gaps,  there  was  one  thing  Mr. 
Rushmore  did  not  take  into  account,  and  that  is  the  fact  of  the 
leakage  of  current  over  the  surface  of  the  insulator  between 
the  cylinders.  This  will  tend  to  distort  numerically  the  con- 
clusions reached.  If  this  phenomenon  gives  trouble  in  designing 
arresters,  it  is  easily  controlled  by  placing  a  considerable  gap 
in  series  with  the  arrester,  between  the  lines  and  the  first  cylinder, 
or  by  using  a  shield  connected  to  line.  A  great  deal  of  stress 
has  been  laid  on  the  fact  that  in  virtue  of  the  resistance 
adjustments  the  arrester  Mr.  Rushmore  has  designed  will  not 
break    down     on    lower    voltages     at     high    frequency,     than 
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at  a  low  frequency.  Offhand,  I  do  not  see  why  if  a  high-fre- 
quency disturbance  will  go  to  ground  more  readily  than  a 
low-frequency  disturbance,  it  should  not  be  permitted  to  do  so. 
If  this  resulted  in  a  too  frequent  discharge  of  the  arrester,  it 
would  be  harmful,  but  our  experience  does  not  appear  to  indi- 
cate that  such  is  the  case. 

The  term  "rectification  of  vapor"  has  been  used  several  times 
to-night  to  explain  the  non-arcing  property  of  a  multigap  ar- 
rester. The  significance  of  this  term  I  cannot  quite  understand. 
Vapor  consists  presumably  of  an  aggregation  of  atoms  or  mole- 
cules, and  since  the  atoms  or  molecules  move  freely  in  an  en- 
tirely accidental  manner,  I  cannot  understand  how  this  vapor 
of  itself  can  have  any  directive  effect.  I  think  the  action  can 
perhaps  be  explained  in  the  following  manner:  it  is  pretty  well 
agreed  that  an  arc  starts  by  the  ionization,  through  potential 
strain,  of  the  gases  between  the  electrodes,  by  which  ions  are 
liberated.  They  are  then  forced  to  move  extremely  rapidly 
by  the  high  potential  and  produce  other  ions,  tmtil  finally 
there  is  such  an  increase  of  temperature  and  such  an  increased 
ratio  of  ionization,  that  the  quantity  produced  is  sufficient  to 
carry  the  normal  arc  current  at  a  low  voltage. 

It  is  now  easy  to  imagine  in  these  narrow  gaps  between  large 
cylinders  in  the  multigap  arresters  that  when  the  discharge 
comes  along,  ions  are  produced  in  this  way,  but  that  the  instant 
the  discharge  and  normal  current  ceases  at  the  end  of  an  alter- 
nation, in  view  of  the  close  neighborhood  of  the  conducting 
cylinders,  the  ions  which  would  otherwise  hold  over  until  the 
return  of  the  voltage  are  freely  absorbed  by  the  metal.  The 
fact  that  an  easily  vaporized  material  is  used  in  the  composition 
of  the  cylinders  will  keep  down  the  temperature;  and  since 
ionization  is  very  closely  related  to  temperature,  the  high 
temperature  very  much  increasing  the  ionization,  this  effect 
will  account  for  the  properties  of  different  materials.  The 
current  is  of  course  carried*  by  the  movement  of  the  positive 
ions  to  the  negative  pole,  and  the  negative  ions  to  the  positive 
pole. 

I  would  like  to  ask  Mr.  Creighton  whether  in  his  tests  the 
results  are  based  on  anything  more  than  the  work  with  the 
2300- volt  outfit  described  here?  that  is,  whether  higher  voltages 
or  larger  powers  were  used  ? 

E.  E.  F.  Creighton:  We  have  taken  some  measurements  at 
higher  voltages,  but  we  have  not  made  as  complete  a  study  of 
them  as  in  the  case  of  the  2300- volt  machine. 

P.  H.  Thomas:  The  question  of  power  behind  the  tests  is 
absolutely  of  importance  in  this  sort  of  work,  and  inherently 
the  higher  the  voltage  the  more  difficult  to  handle.  Personally 
I  should  be  very  skeptical  of  the  general  non-arcing  quality  of 
this  arrester  without  series  resistance,  and  unless  there  are 
other  data  than  what  appears  here,  I  should  not  suppose  it 
would  be  safe  to  infer  anything  as  to  its  general  non-arcing 


10071  DISCUSSION  AT  NEW  YORK  495 

quality.  We  find  in  one  of  the  oscillographs,  Fig.  4,  that  200 
amperes  absolutely  cuts  the  generator  voltage  down  from  2,000 
to  a  few  per  cent,  of  this  value,  showing  a  very  limited  capacity 
of  power  behind  the  arc.     Similarly  with  Fig.  5. 

V.  6.  Converse:  Having  installed  at  the  plant  with  which  I  am 
now  associated  a  considerable  equipment  of  horn-gap  arresters, 
I  may  perhaps  be  expected  to  take  exception  to  the  comments 
made  in  Mr.  Rushmore's  paper  regarding  this  arrester;  on  the 
contrary,  I  qtiite  agree  with  him.  However,  Mr.  Rushmore 
states: 

Where  a  fuse  is  used  in  series  with  a  horn  having  no  resistance,  it 
can,  of  course,  take  but  the  one  stroke,  and  after  this  the  system  is 
unprotected. 

This  objection  can  be  overcome  by  the  use  of  repeating  fuses 
arranged  so  that  if  one  fuse  blows,  a  switch  drops,  connecting 
in  a  second  fuse;  if  the  second  fuse  blows,  a  third  is  connected 
by  a  switch,  and  so  on.  If  the  fuse  is  of  a  proper  enclosed  form, 
it  in  itself  very  nearly  meets  Mr.  Rushmore's  requirement  for 
the  ideal  arrester;  but  such  a  device  may  not  be  termed  a  horn 
arrester  as  the  horns  are  no  longer  necessary. 

Mr.  Rushmore  further  says: 

The  real  function  of  the  horn  arrester  is  its  use  to  protect  insulators 
along  a  transmission  line,  where  the  horns  are  so  arranged  that  the  cur- 
rent will  jump  to  the  horn  before  it  will  arc  around  the  insulator.  In 
this  case  the  system  would  be  disturbed  either  way.  Where  it  is 
allowed  to  arc  around  the  insulator,  the  latter  would  probabl5r  be  de- 
stroyed and  the  time  of  disturbance  of  the  system  might  be  considerable 
— possibly  until  the  insulator  is  replaced.  With  a  horn  protecting  the 
insulator,  the  resulting  short-circuit,  while  very  undesirable  in  itself,  is 
less  disastrous  than  in  the  former  case,  and  may  only  necessitate  start- 
ing up  the  s3mchronous  apparatus  again. 

From  my  experience,  and  I  believe  that  it  will  be  found  to 
be  the  experience  of  others,  the  principal  lightning  troubles 
on  a  high-tension  system  are  stated  in  those  few  sentences. 
The  Ontario  Power  Company  during  the  whole  of  the  last  season 
had  only  one  discharge  of  consequence  over  its  arresters  at  the 
generating  station,  but  had  a  considerable  number  of  discharges 
along  the  lines,  which  caused  interruptions  of  service. 

The  lightning-arresters  described  in  these  papers  are  essen- 
tially station  arresters,  and  while  it  is  gratifying  to  learn  that 
satisfactory  results  are  promised  for  this  purpose,  it  should 
not  be  overlooked  that  for  continuous  operation,  line  lightning 
protection  is  also  of  great  importance,  for  which  other  ar"esters 
are  required. 

D.  Dubois:  In  regard  to  the  breakdown  of  the  high- volt  age 
arresters  at  a  low-frequency  power  surge,  a  little  more  should 
be  added.  As  the  voltage  rises,  and  before  it  reaches  a  dan- 
gerous value,  the  gaps  G,,  Fig.  3,  arc  over.  As  explained,  the 
voltage  to  break  down  these  gaps  must  be  higher  than  if  no 
resistance  were  used  in  series.  With  the^  gaps  broken  down, 
the  current  of  the  arc  across  them  is  limited  by  the  high  re- 


496  UGH  TNING'A  RRESTERS  [Maxx.h  29 

sistance  to  about  ^  ampere,  which  gives  about  80  volts  drop 
per  gap.  The  remainder  of  the  voltage  is  consumed  in  drop 
across  the  resistance  rods  and  is  thus  applied  across  the  gaps 
Gh.  Although  this  voltage  is  less  than  that  which  broke  across 
G,,  the  series  resistance  is  less,  and  approximately  the  same 
ntmiber  of  gaps  will  therefore  break  across  at  this  lower  voltage. 
With  G,  and  G*  broken  down,  the  increased  current  gives  a 
smaller  drop  in  the  gaps,  but  twice  the  number  of  arcing  gaps 
are  now  in  series.  Therefore  the  nimiber  of  gaps  in  G^  is  made 
the  same  as  in  G,  and  G;^.  These  three  sections  should  all  arc 
over  in  succession  at  very  nearly  the  same  voltage. 

In  this  arrester  the  different  kinds  of  lightning  will  follow 
different  paths  through  the  arrester,  and  test  papers  should 
be  more  useful  than  ever  before  in  determining  the  nature  of 
the  discharge.  Test  papers  should  be  placed  in  all  four  divisions 
of  each  line  leg,  and  in  the  three  divisions  of  the  ground  leg. 
Designating  the  different  divisions  as  in  Fig.  33,  G„  G*.  G„, 
etc.,  the  different  kinds  of  lightning  should  produce  punctures 
and  burning  as  follows : 

Static  charge  of  the  line  relieved  or  a  very  light  discharge — 
G,  small  slightly  burned  pin-hole,  others  not  touched. 

Low-frequency  surge  of  small  power,  or  discharge  of  medium 
frequency — G,  and  Ga  small  burned  holes,  others  not  touched. 

Low-frequency  power  surge,  or  abnormal  rise  of  power 
voltage — G„  Ga  and  G^  well  burned  holes,  Gj  not  touched. 

High-frequency  discharge  of  the  arrester — G,  and  Gh  small 
burned  holes — G^  and  Gj  punctured,  but  not  burned. 

The  test  papers  of  the  ground  leg  can  show  whether  the  dis- 
charge took  place  from  line  to  line  or  from  line  to  grotmd,  and 
whether  the  line  became  grounded  during  the  discharge. 

Wm.  McClellan :  While  deciding  on  the  lightning  protection  for 
a  sub-station  w^hich  takes  current  at  60,000  volts  and  delivers  it 
at  11,000  volts  to  a  trolley  line,  we  were  impressed  with  the 
well-known  fact  that  the  selection  of  lightning  protective  appar- 
atus depends  on  the  amount  of  power  back  of  the  stroke  and  the 
voltage  of  the  line  to  be  protected.  For  the  11, 000- volt  circuit 
a  form  of  multigap  arrester  was  used.  Perhaps  some  of  these 
multigap  arresters  are  better  than  others,  but  any  well-designed 
one  will  answer  for  low  voltages.  The  small  amount  of 
lightning  that  we  have  had  this  year  has  burned  the  gaps 
somewhat;  this  we  know  is  the  chief  difficulty  in  connection 
with  the  multigap  arrester.  For  the  60,000-volt  lines,  outdoor 
arresters  of  the  horn  type  were  used.  There  are  three  horns 
on  each  leg  of  the  three-phase  circuit.  In  series  to  ground  with 
one  of  these  horns  is  an  enclosed  indicating  fuse  6  ft.  long;  this 
fuse  works  very  definitely  and  positively,  although  it  has  not 
yet  operated  in  connection  with  lightning  discharges.  A  second 
horn  has  in  series  to  ground  a  resistance  made  up  of  concrete 
blocks.  The  third  horn  has  in  series  to  ground  one  of  the  electro- 
lytic arresters  described  by  Mr.  Jackson  several  months  ago.     It 
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is  hoped  to  show  that  the  electrolytic  arrester  will  take  care  of  all 
discharges  through  the  lightning  season.  If  this  proves  to  be  true, 
increasing  experience  will  warrant  us  in  discarding  all  other 
types  and  depending  solely  on  this  type  of  arrester. 

Such  an  arrester  is  in  the  nature  of  a  safety-valve.  As  soon 
as  the  pressure  rises  to  a  certain  critical  point,  it  provides  a 
free  path  of  very  low  conductivity  to  ground;  and  when  the 
accidental  pressure  on  the  line  is  relieved,  the  arrester  comes 
back  to  its  normal  resistance.  Such  an  arrester  will  be  oper- 
ated with  a  gap  in  series  just  large  enough  to  prevent  the 
normal  voltage  from  breaking  over.  A  horn  in  this  case  is 
entirely  unnecessary,  since  the  arc  is  opened  by  the  small 
arrester  current  after  the  accidental  high  voltage  is  reUeved. 

I  agree  in  general  ^4th  everything  that  is  said  in  the  paper  in 
regard  to  the  horn  arrester,  but  I  do  not  believe  in  an  arrester 
consisting  of  various  horns  with  graded  resistances.  When 
extra  turns  are  put  on  the  transformers  and  powerful  insulators 
on  the  line,  all  designed  to  take  care  of  the  certain  rises  in  voltage, 
there  seems  little  use  in  applying  horn  gaps  with  high  resistances 
in  order  to  relieve  the  line  of  rises  in  voltage  slightly  above  normal. 
I  think  the  horn  arrester  has  been  found  useful  only  in  those 
places  where  there  is  sufficient  power  back  of  it,  so  that  the 
current  passing  over  the  horn  is  not  large  enough  to  shut  down 
the  station.  In  other  words  the  horn  type  is  successful  in  those 
few  places  where  one  can  wait  for  the  horn  to  open  the  circtiit. 
It  should  be  remembered,  however,  that  tmder  certain  wind 
conditions,  and  also  if  the  horn  is  not  correctly  shaped,  it  may 
be  an  excessively  long  time  in  opening  the  discharge  circuit. 

My  faith  in  the  electrolytic  arrester  has  grown,  so  that 
for  circuits  of  approximately  11,000  volts  I  would  be  inclined 
to  use  this  arrester  indoors;  for  circuits  of  approximately 
60,000  volts  I  would  use  the  electrolytic  arrester  also,  with  or 
without  a  horn,  supported,  however,  as  a  last  resort  by  a 
sturdy  gap  with  enclosed  fuse  in  series  to  ground.  Such  an 
enclosed  fuse  containing  a  No.  30  copper  wire  will  open  the 
discharge  circuit  in  less  than  one  cycle,  whereas  from  30  to  60 
cycles  is  the  usual  time  for  the  horn  type  under  the  best  con- 
ditions. With  either,  on  all  circuits,  choke-coils  should  be  used 
beyond  the  arresters. 

R.  P.  Jackson:  Regarding  the  non-arcing  quality  of  the  so- 
•called  non-arcing  metal:  Mr.  Rushmore,  I  believe,  ascribed  it 
to  the  boiling  point  of  certain  elements  in  the  alloy.  I  think 
one  thing  has  been  lost  sight  of.  Years  ago,  when  Mr.  Wurts 
first  made  the  discovery  of  non-arcing  metal,  he  found  that 
there  were  certain  metals  belonging  to  one  group  that  had  that 
quality  to  a  large  degree,  and  other  metals  did  not  have  that 
quality  to  any  considerable  degree  or  to  any  degree  at  all. 
Theise  metals  were  cadmium,  mercury,  and  zinc.  They  are 
all  monatomic;  that  is,  their  gases  are  formed  of  molecules  of 
one  atom,    'this  has  a  very  important  relation  to  the  non-arcing 
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quality,  in  that  the  gases  have  twice  the  voltune  that  gases  from 
other  metals  have.  Also  it  is  highly  probable  that  a  com- 
paratively small  ntmiber  of  ions  will  exist  in  the  gases.  There- 
fore, there  would  be  much  less  chance  for  the  arc  to  establish  or 
maintain  itself,  and  possibly  a  much  greater  local  pressure  when 
the  spark  occurs  in  the  gap;  that  is,  when  the  spark  passes 
there  will  be  between  the  surfaces  of  the  metal  a  momentary 
great  rise  of  pressure. 

In  regard  to  the  **  ideal  "  arrester,  I  think  that  it  must  be 
considered  as  a  reasonable  development  from  previous  arresters 
used.  The  original  non-arcing  metal  consisted  of  a  single  row 
of  gaps.  It  was  found  several  years  ago  that  double  th^  num- 
ber of  gaps,  with  half  of  them  shunted,  would  form  an  arrester 
of  the  same  equivalent  as  the  original  gaps.  This  can  be  ex- 
tended, adding  more  resistances  and  more  gaps,  gaps  being 
shunted  by  the  resistance;  but  the  equivalent  begms  to  rise, 
and  if  another  step  is  added,  it  rises  somewhat  more,  and  soon 
gets  to  a  point  where  nothing  is  gained.  There  is  not  very  much 
to  be  gained  from  more  than  the  one  step ;  but  the  equivalent  wiU 
not  rise  quite  so  rapidly  as  the  ntunber  of  gaps  themselves.  The 
explanation  seems  to  be  that  there  is  a  time-period  in  the 
breakdown  of  the  gaps;  that  is  to  say,  they  are  not  simultaneous, 
but  consecutive. 

Puses  are  very  good  devices  where  they  are  properly  arranged. 
In  several  places  I  have  tried  a  fuse  in  parallel  with  the  series 
resistance  of  an  arrester.  Such  fuses  will  perhaps  blow  once  or 
twice  in  a  season;  but  when  they  do  blow,  they  are  badly  needed. 

Regarding  the  horn  arrester,  I  am  not  sure  that  the  rising 
of  the  arc  is  due  to  magnetic  effect.  Experimentally  I  have  not 
found  that  true.  I  understand  that  at  the  Ontario  Power 
Company's  station  the  horns  were  arranged  with  coils  to  increase 
the  magnetic  effect,  without  much  gain  being  fotmd.  I  think 
the  virtues  of  the  horn  arrester  lie  chiefly  in  its  mechanical 
characteristics;  it  is  comparatively  simple  and  cheap.  It  has 
some  non-arcing  or  arc-suppressing  quaUty,  but  it  has  no  such 
arc-suppressing  quality  as  the  multigap  arrester.  If  something 
can  be  put  in  series  with  it  that  does  not  offer  great  impedance 
to  the  discharge  of  lightning  or  other  energy,  it  may  become 
useful. 

The  electrolytic  arrester,  so  far  as  I  have  been  able  to  learn, 
has  just  the  characteristics  that  Mr.  McClellan  describes.  It  has 
a  certain  equivalent  that  is  controlled  largely  by  Ohm's  law. 
If  the  area  of  the  plates  or  the  electrolyte  is  increased,  the 
equivalent  is  decreased.  If  the  length  of  the  electrolyte  is  in- 
creased the  eqtiivalent  is  increased,  and  that  equivalent  seems 
to  have  comparatively  little  relation  to  the  voliune  of  discharge 
through  it,  so  that  it  seems  possible  to  predetermine  the  volti^ 
which  could  escape  through  the  arrester  and  simply  short* 
circuit  everything  above  that.  In  the  type  of  electrolytic 
arrester  which  I  have  used,  however,  I  do  not  consider  it  to  be 
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the  counter  electromotive  force  that  limits  the  power  ctxrrent; 
there  seems  to  be  a  dielectric  film,  and  that  film  is  capable  of 
ptmcttire  and  also  capable  of  resealing  when  the  voltage  drops 
below  a  certain  point.  It  acts  like  a  valve  with  a  spring  behind 
it.  When  the  film  is  pimctured,  if  the  excessive  static  voltage 
exists  long  enough,  there  will  be  a  very  large  power  current  flow- 
ing through,  but  of  course  the  high  voltage  due  to  lightning  or 
surges  exists  for  a  very  short  interval,  so  the  power  that  follows 
is  insignificant. 

C.  P.  Steinmetz:  Omitting  the  fuse  shunting  the  gaps  re- 
quires that  the  gaps  be  always  left  in  circuit,  so  that  ^er  the 
fuse  blows  there  is  still  the  same  protection  to  the  system  as 
there  would  be  when  no  fuse  is  used.  The  fuse  gives  a  far  better 
protection  for  most  of  the  time  and  imder  most  of  the  conditions 
than  would  be  permissible  without  it.  This  use  a€  a  fuse,  there- 
fore, is  not  analogous  to  the  fuse  in  series  with  the  horn  arrester. 

Some  of  the  questions  raised  refer  merely  to  matters  of 
terminology  and  would  be  very  interesting  discussions  to  fill 
the  volumes  of  a  purely  scientific  body.  They  are  of  compara- 
tively little  interest  to  an  engineering  society;  for  instance, 
whether  the  effect  of  some  metal  cylinders  discovered  by  Mr. 
Wurts,  and  published  in  his  classical  paper  fourteen  years  ago, 
might  be  called  rectifying,  or  might  be  due  to  some  mysterious 
action  of  some  mysterious  bodies,  ions,  jolting  arotmd  in  some 
manner — ^all  this  is  quite  immaterial  to  me.  Mr.  Wurts  called 
the  phenomenon  **  non-arcing  **.  Mr.  Creighton  finds  two  con- 
ditions: first,  if  the  shunt  resistance  is  low  the  disruptive  dis- 
charge across  the  cylinder  is  not  followed  at  all  by  the  generator 
current;  secondly,  the  disrupted  discharge  is  followed  by  the 
generator  current  during  one-half  wave,  but  no  further;  that 
is,  no  reversal  of  the  generator  current  can  take  place.  Mr. 
Creighton  adopted  Mr.  Wurts'  term  for  the  first  condition; 
that  is,  called  the  case  **non-arcing",  where  no  generator  current 
follows,  and  he  gave  the  name  "rectifying"  to  the  case  where 
the  current  can  follow  in  one  direction  only,  but  cannot  reverse. 

Whether  the  non-arcing  character  of  these  metals  is  explained 
as  being  in  one  group — ^which,  incidentally,  is  not  quite  right — 
does  not  seem  to  be  a  matter  of  very  great  importance.  If  I 
recollect  aright,  Mr.  Wurts  mentioned  bismuth  and  antimony 
as  non-arcing;  these  do  not  belong  to  the  zinc  group,  though 
other  metals  which  do  betong  in  the  zinc  group  are  not  generally 
recognized  as  non-arcing.  The  order  of  the  non-arcing  character 
of  the  metals  as  given  by  Mr.  Wurts  is  the  order  of  their  boiling 
points.  All  this  might  be  an  interesting  subject  for  a  purely 
scientific  or  metaphysical  paper,  but  does  not  seem  to  be  of  any 
particular  value  to  us. 

D,  B.  Rushmore  (by  letter):  Many  of  the  points  brought 
out  by  the  first  speaker  in  the  discussion  are  answered  by  a  more 
careful  reading  of  the  paper  or  by  the  other  speakers. 

It  is  agreeable  to  find  that  the  statements  made  concerning 
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the  horn  arrester  are  in  agreement  with  opinic/ns  held  by 
of  suf  h  experience  as  Mr.  Thomas  and  Mr.  Converse. 

It  is  stater]  somewhere  in  the  paper  that  the  illustrations 
showinjj  the  scheme  for  protection  of  wood  pole  lines  are  simply 
diagrammatic.  Attention  should,  however,  be  called  to  the 
fact  that  the  multigap  arrester  described  in  the  paper  is  entirely 
new.  in  design,  and  a  careful  reading  of  the  action  of  the  dis- 
charge over  the  multigaps  will  explain  the  difference  in  principle 
between  these  and  former  multigap  arresters. 

E.  E.  F.  Creigbton  (by  letter;  :  Some  one  has  ob6er\'ed  that 
the  liquid  electrode  arrester  is  wet.  That  is  true:  it  is  the  con- 
ditif/n  sought  for.  After  having  gone  over  a  number  of  different 
methods  of  preventing  or  extinguishing  an  arc,  I  have  come  to 
the  conclusk^  that  with  but  one  possible  exception,  not  yet 
publishe<i,  the  liquid  gives  the  most  valuable  property  to  the 
lightning-arrester. 

The  objection  to  the  liquid,  as  suggested  by  Dr.  Perrine,  lies 
in  the  necessity  of  maintaining  a  certain  level,  and  it  might  be 
added  to  keep  the  liquid  from  splashing.  -This  is  a  simple  engi- 
neering problem  which  seems  to  offer  no  difficulty  in  its  solu- 
tion. There  are  several  scjlutions  being  tried  out  at  the  present 
time,  any  one  of  which  seems  to  be  practicable. 

The  loss  of  liquid  through  the  operation  of  the  arrester  by 
lightning  is  too  slight  to  take  into  accoimt.  For  example,  one 
of  these  arresters  was  put  into  operation  three  hundred  times, 
which  would  easily  cover  a  whole  season's  storms  even  in  the 
worst  locality,  and  at  the  end  of  the  test  the  level  of  the  liquid 
had  not  been  lowered  to  any  measurable  extent.  The  energy 
given  out  by  the  electric  current  in  the  arc  is  absorbed,  first  in 
raising  the  liquid  to  boiling  temperature;  secondly,  in  the  latent 
energy  of  changing  the  liquid  to  a  gas;  and  thirdly,  in  the  chemi- 
cal energy  of  dissociation  of  the  gas.  To  carry  through  this 
process  requires  a  relatively  great  amount  of  energy  for  a  small 
amount  of  electrolyte.  The  amount  of  electric  energy  given 
off  from  the  generator  is  comparatively  small  because  the  cur- 
rent is  limited  by  the  voltage  absorbed  in  the  arc  at  the  surface 
of  the  electrolyte.  In  case  of  continuous  discharges  over  the 
lightning-arrester  due  to  a  grounded  phase  on  an  insulated  J 
or  Y  system,  the  electrolyte  is  gradually  used  up  until  the  '^arc 
distance  is  too  great  to  be  bridged  by  the  surges  on  the  line. 
This,  as  already  stated  in  the  paper,  will  require  a  number 
of  minutes,  and  it  will  be  necessary  after  such  an  operation  tc 
refill  the  jars  with  water  to  the  original  level.  It  should  be 
noted  that  the  arrester  is  not  damaged  by  this  continuous 
operation. 

In  considering  the  operation  of  the  liquid  electrode  arrester, 
the  brief  and  convenient  term,  "variable  resistance"  was  used 
but  it  is  important  to  distil. jruish  carefully  between  the  effect 
obtained  from  a  counter  electromotive  force  and  the  effect  from 
a    variable    resi.stance.     Although    the    counter    electromotive 
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force  gives  the  same  effect  as  an  increase  in  resistance 
in  reducing  the  current,  yet  it  differs  materially  in  that 
it  reaches  a  limiting  critical  value  above  which  it  offers  no 
further  obstruction  to  the  current  flow.  From  zero  up  to  the 
critical  voltage  the  ohmic  resistance  of  the  cell  has  probably 
diminished  although  the  effect  of  the  arc  is  that  of  an  increase 
of  resistance. 

Dr.  Perrine'«  kind  expression  of  appreciation  of  the  work 
on  this  new  cell  type  arrester  reminds  me  that  it  was  he  that 
first  recognized  the  value  of  the  aluminum  cell-type  arrester 
and  aided  most  in  its  development  when  I  began  working  on  it 
some  six  or  seven  years  ago. 

In  regard  to  the  leakage  of  current  between  cylinder  and 
cylinder  of  the  multigap  arrester.  The  experience  we  had  some 
years  ago  will  corroborate  Mr.  Thomas's  statement.  Instead  of 
using  individual  units  of  porcelain,  Mr.  Wurts  decided  to  use 
one  slab  of  marble  with  the  cylinders  arranged  in  zigzag  form, 
but  it  was  found  that  the  spark  voltage  or  equivalent-needle- 
gap  of  the  same  number  of  gaps  as  used  previously  with  the 
porcelain  imits  was  very  greatly  increased.  The  leakage  of 
current  though  the  marble  was  sufficient  to  prevent  the  separa- 
tion of  the  positive  and  negative  charge  on  each  cylinder,  and 
the  consequent  resultant  static  induction  to  the  next  adjacent 
cylinder.  The  ten-pin  or  card-house  effect  was  lost.  The  drop 
of  potential  across  the  marble  was  uniform,  the  high  frequency 
between  cylinders  was  lost,  and  many  of  the  gaps  were  in  a 
condition  of  partial  short-circuit  due  to  the  concentration  of 
the  leakage  current  in  the  marble  in  the  shortest  distance 
between  terminals.  I  still  have  in  my  laboratory  an  expensive 
board  made  up  in  this  way  which  is  entirely  inoperative  as  a 
multigap  arrester. 

Mr.  Thomas  calls  attention  to  the  short-circuit  current  shown 
in  one  oscillogram  as  only  200  amperes.  This  I  might  state  was 
under  a  particular  condition  where  only  one  small  machine  was  on 
the  circuit,  and  the  short-circuit  current  shown  in  some  of 
the  other  oscillograms  is  more  than  double  the  value 
stated.  By  considering  the  condition  of  discharge  of  the  new 
type  multigap  arrester  it  will  be  seen  that  the  generator  capacity 
is  amply  sufficient  to  give  the  effect  that  might  be  obtained  from 
a  machine  of  any  capacity.  When  the  spark  takes  place  across 
the  shunt  gaps,  the  generator  is  producing  full  potential  across 
the  arrester  and  the  voltage  is  not  decreased  by  the  discharge 
of  the  dynamic;  consequently  if  the  spark  is  going  to  form 
into  an  arc  there  is  every  reason  for  it  to  do  so  regardless  of  the 
generator  capacity.  Stated  otherwise,  if  the  potential  of  the 
generator  does  not  decrease,  the  experimental  conditions  of 
test  are  correct  and  nothing  further  could  be  obtained  by  using 
a  generator  of  greater  kilowatt  capacity.  This  statement  is 
general  and  applies  also  to  the  tests  of  the  Uquid  electrode 
arrester.     I  admit  of  course  that  if  the  spark  does  form  into 
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an  arc  the  damage  caused  will  increase  directly  with  the  capacity 
of  the  generator. 

C.  P.  Steinmetz  (by  letter) :  It  seems  to  me  that  the  disagree- 
ment on  the  horn  arrester  is  more  apparent  than  real:  it  depends 
upon  what  is  expected  of  an  arrester.  Mr.  Rushmore  defines 
a  lightning-arrester  as  an  apparatus  capable  of  discharging  any 
abnormal  voltage  or  abnormal  frequency  without  interfering 
with  the  normal  flow  of  current.  This  the  hon!  arrester  does 
not  do.  With  series  resistance  it  is  limited  in  discharge  capacity; 
without  series  resistance  it  may  protect  the  system;  but  it 
short-circuits  it,  so  shuts  it  down  temporarily. 

Mr.  Thomas'  criticism  of  the  definition  of  "  lightning " 
seems  justified.  It  is  rather  strange  to  speak  of  "Ughtning- 
arresters  "  in  underground  cable  systems.  I  have  not  intro- 
duced this  definition;  but  it  has  gradually  introduced  itself  in 
j)ractice,  and  so  will  probably  stay.  The  proposed  name  **static", 
however,  I  do  not  approve  at  all.  The  term*'  static"  has  been 
used  to  a  considerable  extent,  and  mostly  abused.  Occasionally 
one  hears  of  such  anomalies  as  **  static  transformers,"  instead 
of  "  stationary  transformers  ".  If  **  static  "  means  anything, 
it  can  only  mean  electric  phenomena  of  such  limited  power  as 
not  sufficient  to  produce  an  appreciable  current ;  that  is,  pheno- 
mena in  which  the  electromagnetic  component  of  the  field  is 
negligible  compared  with  the  elctrostatic  component.  A  short- 
circuit  surge  which  bends  heavy  copper  bars  can  then  hardly 
be  called  static,  but  the  lightning-arrester  should  protect  against 
it. 

In  my  paper  I  have  drawn  analogies  between  electric 
waves,  and  waves  in  a  body  of  water.  It  is  obvious  that  such 
an  analogy,  though  elucidating  the  phenomena,  is  not  complete. 
For  instance,  in  an  electric  circuit  the  tendency  to  form  stationary 
waves  or  oscillations  from  travelling  waves  or  impulses  is  very 
pronounced;  but  in  a  body  of  water  this  tendency  exists  to  a 
very  limited  extent  only,  since  in  the  latter  case  the  wave  length 
is  usually  only  a  very  small  part  of  the  total  wave  travel.  I 
believe  that  Mr.  Thomas  misimderstands  my  comparison  of  the 
breaking  of  a  wave  train  at  the  station  with  the  ocean  surf. 
Where  complete  reflection  occurs,  as  at  the  open  end  of  a  line,  a 
standing  wave  is  formed  from  the  travelling  wave  of  the  same 
frequency.  An  ocean  wave,  rolling  on  to  a  sloping  beach,  is, 
however,  not  completely  reflected;  it  is  only  partly  reflected, 
while  partly  it  rushes  up  on  the  beach.  Now  at  the  entrance 
to  a  station  an  electric  wave  train  is  partly  reflected,  partly 
enters,  and  **  surf "  is  the  result  of  the  interference  of 
the  various  reflected  and  transmitted  wave  trains.  This 
results  in  the  formation  of  local  standing  waves.  The  surf  is 
therefore  not  a  complete  reflection,  but  a  breaking  up  of  the  wave. 
In  this  way  an  ocean  wave  on  a  sloping  beach,  is  comparable 
frith  an  electric  travelling  wave  at  the  entrance  to  a  station. 

As  regards  the  damping  effect  of  a  grounded  overhead  wire, 
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it  appears  to  be  obvious  that  a  current  induced  in  the  groimd  wire 
by  a  wave  train  in  a  transmission  line  consumes  energy,  and 
thus  reduces  the  energy  of  the  wave  train.  The  energy  dis- 
sipated by  this  induced  current  in  the  effective  resistance  of 
the  ground  wire  is  taken  from  the  energy  of  the  wave  train  in  the 
main  wire,  and  causes  the  latter  to  decrease  more  rapidly. 
The  imperfect  inductive  relation  between  transmission  wires 
and  ground  wires  applies  only  indirectly  in  considering  this 
effect.  Of  the  total  magnetic  flux  produced  by  the  wave  train 
in  the  main  wire,  and  surrounding  the  main  wire,  only  a  part  inter- 
links with  the  ground  wire  as  mutual  inductive  flux;  probably 
most  of  it  passes  between  the  conductors  as  self-inductive  flux. 
This  self-induction  does  not  consume  energy,  and  therefore  does 
not  dampen;  but  mutual  induction  consimfies  energy  and  so 
causes  the  wave  train  to  decrease  more  rapidly. 

In  a  lightning-arrester  it  is  of  fundamental  importance  not 
merely  to  discharge  abnormal  voltages  or  frequencies,  but  to 
discharge  them  with  the  least  possible  disturbance.  This 
means  to  discharge  over  the  highest  resistance,  which  does  not 
yet  appreciably  back  up  the  voltage  by  its  Ir  drop.  Sometimes 
the  voliune  of  discharge  is  such  as  to  permit  no  resistance  what- 
ever. The  lightning-arrester  must  therefore  have  a  path  of  no 
resistance  to  ground.  A  half-wave  discharge  without  any  re- 
sistance is  quite  a  severe  shock,  and  should  be  avoided.  For 
this  purpose  a  medium  high  resistance  in  shunt  is  used  to  take 
care  of  most  of  the  discharges;  of  the  discharges  that  are  too 
heavy  for  this  resistance,  most  are  still  deflected  over  the  "low 
resistance  "  of  the  arrester,  so  as  to  limit  the  dead  short-circuit 
discharges  to  a  minimtun.  Very  many  discharges,  however, 
are  of  suc-h  small  power  that  a  resistance  very  much  higher 
than  the  **  medium  resistance  "  can  take  care  of  them;  and  it 
is  therefore  undesirable  to  cause  a  fairly  large  dynamic 
discharge  over  the  medium  resistance  every  time  one  of  these 
very  small  discharges  occurs.  For  this  piupose  the  high  re- 
sitance  has  been  added. 

Mr.  J.  P.  Jackson  explains  that  the  non-arcing  character 
of  mercury,  cadmium,  and  zinc  is  due  to  these  metal  vapors 
being  monatomic.  It  is  unfortimate  that  helium  and  argon 
are  also  monatomic,  but  are  by  no  means  non-arcing;  on  the 
contrary,  they  are  known  to  have  abnormally  low  disruptive 
strength;  that  is,  they  require  only  a  low  voltage  to  maintain 
a  discharge. 

Wm.  McClellan  (by  letter):  It  has  always  been  difficult  to 
get  a  physical  conception  of  the  action  of  the  film  used  on 
aluminum  electrodes,  either  of  the  type  proposed  by  Mr. 
Creighton  or  the  one  proposed  by  Mr.  Jackson  some  time  ago. 
No  physical  conception  can  be  had  until  a  great  deal  more  is 
known  about  this  phenomenon. 

The  writer  has  always  conceived  of  the  film  as  being  electrically 
porous  so  that  up  to  a  definite  pressure  it  held  the  current,  but 
beyond  this  pressure  the  pores,  so  to  speak,  opened,  allowing  the 
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discharge  to  pass  through  freeJy.  This  conception  seems  reason- 
able when  one  views  the  formation  of  the  film  and  sees  the 
gradual  decrease  in  the  number  of  spark  discharges  all  over 
the  face  of  it,  until  finally  upon  the  complete  formation  these 
discharges  cease  at  pressures  below  the  critical  point.  This  con- 
ception is  suggested  by  the  old  physical  experiment  of  the 
hollow  gold  sphere  which  will  hold  a  liquid  until  the  pressure 
is  raised  to  a  particular  point  when  the  liquid  sqturts  out  all 
over  the  surface. 

The  writer  has  never  been  able  to  find  or  hear  of  more  than 
two  objections  to  the  electrolytic  arresters  with  the  large  surface 
as  proposed  by  Mr.  Jackson.  The  first  of  these  objections  is 
the  possibility  of  the  arrester  being  exploded  or  burst  by  a 
heavy  discharge,  the  same  as  a  telegraph  pole  or  tree  is  frequently 
rent.  In  such  cases  the  explosion  or  shattering  is  due  to  the 
fact  that  the  conducting  path  is  very  circuitous  and  narrow  and 
that  there  is  a  great  concentration  of  energy  in  this  path.  In 
the  case  of  the  large  surface  lightning-arrester  proposed  no 
such  condition  can  exist,  as  at  the  time  of  a  heavy  discharge 
there  is  a  uniform  path  of  high  conductivity. 

The  other  objection  is  th.e  possibility  of  freezing  the  electrolyte. 
This  objection,  of  course,  would  hold  only  in  the  case  of  high- 
voltage  insulations  where  it  would  be  necessary  to  put  the  arrester 
outside  the  station.  The  writer  thinks  that  in  case  of  this 
trouble  with  a  three-phase  installation  of  these  arresters,  it 
would  be  a  comparatively  simple  matter  to  put  the  three  sets 
of  arresters  either  in  a  pit  below  the  frost  line  or  in  a  cabinet 
above  the  surface,  according  to  drainage  conditions.  This  would 
act  to  shield  the  arresters  from  wind  and  shaking.  It  is  well 
known  that  a  liquid  if  kept  absolutely  still  will  not  freeze  when 
brought  to  a  temperature  far  below  its  freezing  point.  It 
would  probably  be  found  that  the  temperature  would  never  get 
sufficiently  low  to  cause  freezing  solid.  Experiments  show  that 
it  is  only  when  the  electrolyte  is  frozen  solid  that  it  ceases  to 
have  its  peculiar  resistance  characteristics. 

P.  H.  Thomas  (by  letter) :  Mr.  Creighton  speaks  of  the  "dis- 
covery of  the  true  non-arcing  conditions  of  shunted  gaps  ** 
which  he  distinguishes  from  *'  the  unstable  condition  of  a 
shunted  arc  *'  that  **  has  been  known  for  a  long  time",  by  con- 
sidering the  latter  as  a  phenomenon  having  to  do  with  altema- 
ing  current  whereas  the  former  is  really  a  shunted  direct  current 
operating  for  a  part  of  a  cycle.  This  distinction  does  not  appear 
to  me  to  be  well  founded.  If  we  have  a  number  of  gaps  shunted 
by  a  resistance,  and  pass  a  static  discharge  through  these  gaps 
while  they  are  connected  to  a  source  of  alternating  potential, 
there  will  be  of  course  current  flow  through  the  resistance  and 
there  will  be  a  tendency  for  current  to  flow  through  the  gaps 
following  the  static  discharge.  Whether  a  sensible  current  will 
appear  in  gaps  depends,  obviously,  upon  the  voltage  maintained 
across  the  gaps  regardless  of  whether  there  may  be  resistance 
in  shunt  or  not;  whether  the  current  continues  in  the  shunted 
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gaps  or  not  depends  also  on  this  voltage  and  not  directly  upon 
presence,  absence,  or  value  of  the  shunt  resistances.  If  the 
source  of  current  is  able  to  supply  a  smaller  amount  of  current 
through  the  resistance  than  will  maintain  an  arcing  voltage 
upon  the  gaps,  manifestly  no  current  will  follow  the  static  dis- 
charge in  the  gaps.  If,  on  the  other  hand,  a  sufficient  current 
can  be  supplied  by  the  source  of  electromotive  force  to  main- 
tain a  sufficiently  high  voltage  upon  the  gaps,  current  must 
inevitably  follow  the  static  spark  therein.  The  shunt  resis- 
ance  has  not  a  direct  effect  upon  the  arc  in  the  gaps;  it  merely 
effects  the  potential  of  the  terminals  of  the  gap. 

If  now  the  static  discharge  occurs  at  one  portion  of  an  alter- 
nation, the  voltage  at  that  moment  impressed  upon  the  gaps 
will  have  one  value;  if  at  another  part  of  an  alternation,  another 
value.  There  must  be  a  portion  of  each  alternation  during 
which  the  generator  voltage  is  so  low  as  not  to  allow  current 
to  flow  in  the  gaps  following  a  discharge.  On  the  other  hand, 
if  the  current  capacity  of  the  source  be  sufficient  there  will  be 
times  within  the  alternation  when  the  voltage  impressed  on  the 
gaps  will  be  sufficient  to  cause  a  following  of  current  in  the  gaps. 
The  most  favorable  condition  for  such  following  is  obviously 
that  the  static  shall  occur  approximately  at  the  maximum  of 
the  waves.  It  appears  from  Figs.  3  and  4  of  Mr.  Creighton's  paper 
that  the  static  discharge  which  he  times  with  a  synchronous 
motor  occurs  early  in  the  cycle,  at  an  instance  when  the  generator 
electromotive  force  is  far  from  its  maximum.  This  condition 
is  manifestly  an  unfavorable  one  for  the  following  of  current 
in  the  gaps.  If  Mr.  Creighton  has  always  passed  the  static 
through  the  shunted  gaps  at  this  part  of  the  cycle,  it  would  not 
be  safe  to  draw  any  inferences  as  to  the  non-arcing  quality  of 
the  arrangement  under  the  conditions  of  actual  service  where 
the  discharge  is  sometimes  likely  to  come  at  the  maximum  of 
the  wave. 

The  arc  suppressing  power  of  the  shunt  resistance  depends 
entirely  upon  the  current  that  is  to  pass  through  this  resistance 
following  the  static  discharge.  The  shunted  lightning-arresters 
heretofore  used  have  exactly  the  same  electrical  arrangement 
as  Mr.  Creighton's.  When  the  current  tending  to  flow  in  the 
resistance  after  a  discharge  is  small,  or  when  the  discharge  occurs 
at  a  low-voltage  point  of  the  cycle,  no  current  whatever  will 
appear  in  the  shunted  gaps.  When,  however,  more  current 
flows  through  the  resistance  there  will  be  some  current  flow  in 
the  gaps  this  current  will  cease  at  the  first  alternation  if  it 
be  not  too  heavy,  or  so  much  current  may  be  forced  into  the 
gaps  that  they  will  continue  the  arc.  There  is  no  difference 
between*  the  apparatus  of  Mr.  Creighton  and  the  previously 
shtmted  gaps;  he  has  simply  subjected  them  to  milder  conditions. 

I  would  call  attention  to  the  curious  form  of  the  current  curves 
in  Fig.  1,  which  I  believe  to  be  generally  correct.  The  first 
time  it  is  met  with,  the  high  voltage  at  low  cun-ents  is  quite  a 
surprising  feature. 


A  paptr  prntnUd  at  a  Special  Meeting  cf  the 
American  Itutitnte  of  Electrical  Engineere, 
New  YorkMpril  16,  1907. 

Copyright  1907.     By  A.  I.  E.  E. 


THE  ROWLAND  TELEGRAPHIC  SYSTEM 


BY  LOUIS  M.  POTTS 


Since  the  invention  of  the  Morse  system  more  than  fifty  years 
ago,  telegraphy  has  grown  by  law  of  natural  evolution  to  meet 
the  demands  of  an  increasing  business.  The  Morse  system  has 
been  the  measure  of  the  potential  of  the  telegraph  wires  and  of 
the  operator.  To  handle  a  continuously  increasing  business, 
telegraph  managements  have  been  compelled  to  stretch  annually 
new  copper  wires  and  to  employ  new  operators,  because  the 
present  wire  systems  have  been  worked  continuously  to  their 
capacity  and  operators  to  their  highest  efficiency  under  the 
conditions  imposed  by  Morse  methods.  It  is  evident  that  this 
indefinite  extension  of  wire  systems  and  the  force  of  operators 
involves  the  consequent  investment  of  enormous  capital  and 
increases  indefinitely  annual  maintenance  charges. 

In  all  other  fields  of  modern  industrialism  when  manual 
methods  have  thus  shown  themselves  to  have  reached  the  limit  of 
their  development,  and  to  be  capable  only  of  clumsy  augmenta- 
tion without  radical  resulting  advantages,  necessity  has  found 
the  apparatus  to  meet  the  demand,  and  the  introduction  of 
machines  and  machine  methods  has  inaugurated  a  new  era  of 
increased  capacity  and  economy.  For  some  years,  telegraph 
managers  have  realized  that  the  manual  Morse  system  has 
about  reached  its  limit  of  development  and  they  recognize 
that  further  progress  must  result  from  the  use  of  machine  tele- 
graph methods.  They  have  understood  that  the  machine  to  be 
valuable  must  despatch  a  greater  volume  of  traffic  on  existing 
wires  and  give  greater  efficiency  to  the  operator  than  can  be 
done  with  the  now  highly  developed  Morse  methods.  The  field 
of  machine  telegraphy  thus  determined  has  proved  to  be  a  most 
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fascinating  one  to  inventors  and  has  enlisted  the  constant  atten- 
tion and  efforts  of  a  large  number  of  able  and  ingenious  men. 
As  a  consequence,  various  telegraphic  devices  and  machines 
have  been  brought  forward  at  different  times  to  meet  the  demand 
of  the  situation,  but  since  none  has  heretofore  remained  predom- 
inant in  the  field,  it  is  clear  that  none  has  been  able  to  meet 
the  exacting  requirements  attending  commercial  operation. 

The  purpose  of  this  paper  is  to  describe  a  system  of  tel^raphy 
which  meets  the  requirements  of  the  telegraphic  service  of  to- 
day by  providing  for  an  enlarged  wire  capacity,  combined 
with  greater  efficiency  of  the  operator  and  adaptability  to 
the  requirements  than  any  system  previously  described. 
In  practical  operation,  it  has  continuously  demonstrated  its 
efficiency  in  despatching  an  enormous  volume  of  business  with 
regularity  and  accuracy  on  a  single  wire,  while  the  operators  em- 
ployed have  been  not  necessarily  skilled  in  the  use  of  the  Morse  code. 

General  Description 

The  Rowland  Telegraphic  System  is  a  s)rtem  in  which  the  two 
features  of  multiplexing  and  printing  are  combined.  The 
multiplex  feature  is  accomplished  by  the  synchronous  operation 
of  the  instruments  at  the  terminal  stations.  By  this  means, 
in  an  octoplex  installation  each  of  the  four  operators  is  given 
the  use  of  a  telegraph  wire  one-fourteenth  of  a  second,  at  inter- 
vals recurring  3.5  times  a  second.*  In  addition,  the  wire  is 
duplexed  by  the  polar  duplex  method,  so  that  four  transmis- 
sions in  each  direction,  or  eight  in  all,  are  obtained.  In  a  quad- 
ruplex  installation,  each  of  the  two  operators  is  given  the  use 
of  the  wire  for  one-seventh  of  a  second  at  intervals  recurring 
3.6  times  a  second;  and  the  duplexing  of  the  wire  provides  for 
two  transmissions  in  each  direction,  or  four  in  all. 

The  printing  is  accomplished  by  a  perfectly  direct  method; 
that  is,  no  punched  or  otherwise  prepared  tape  is  used  at  either  the 
sending  or  receiving  station,  but  the  printing  is  controlled  di- 
rectly from  a  keyboard,  practically  identical  with  that  of  a 

typewriter.     The   total    duration   of  the   operation,    from  the 

--■- — 

*The  normal  operating  speed  is  fixed  at  210  revolutions  of  the  line 
unit  per  minute,  or  three  and  one-half  revolutions  per  second,  or  one 
revolution  in  one  divided  by  three  and  one-half,  or  two-sevenths  of  a 
second.  This  interval  of  two-sevenths  of  a  second  being  divided  among 
four  operators,  gives  each  one  the  use  of  the  wire  for  two  sevenths 
divided  by  four,  or  one- fourteenth  of  a  second. 
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depression  of  the  key  at  the  sending  station  until  the  character 
is  printed  at  the  receiving  station,  is  less  than  one-quarter  of  a 
second. 

All  the  operations  at  the  receiving  station  are  controlled 
from  the  keyboard  at  the  sending  station.  This  keyboard  is 
identical  with  a  typewriter  keyboard,  except  for  three  addi- 
tional keys,  the  so-called  **  lining,"  **backing,"  and  ''blanking" 
keys.  The  lining  key  is  for  the  purpose  of  enabling  the  send- 
ing operator  to  move  the  paper  from  line  to  line  on  the  printer 
at  the  distant  station,  the  paper  being  moved  the  distance  be- 
tween two  consecutive  lines  each  time  this  key  is  depressed.  The 
backing  key  is  used  for  the  purpose  of  returning  the  carriage 
at  the  distant  station  to  the  beginning  of  a  new  line:  The 
blanking  key  is  used  for  the  purpose  of  shifting  a  telegraph 
blank  on  the  printer  at  the  distant  station  to  the  proper  position 
for  a  new  message.  By  the  use  of  these  keys  in  conjunction  with 
the  other  keys,  the  operator  has  perfect  control  over  the  receiving 
printer  at  the  distant  station.  All  the  operations  performed 
on  a  typewriter,  such  as  paragraphing,  tabulating,  etc.,  can  be 
performed  equally  well  with  this  keyboard. 

At  the  sending  station,  in  addition  to  the  keyboard  there  is  a, 
home-recorder  and  a  signal  light  for  the  guidance  of  the  operator. 
The  home-recorder  consists  of  a  tape-printing  arrangement. 
A  narrow  paper  band  passes  directly  over  the  keyboard,  and 
(directly)  in  front  of  the  operator.  On  this  tape  is  i  ecorded  the 
character  corresponding  to  each  key  depressed.  When  the 
lining,  backing,  and  blanking  keys  are  depressed,  in  place  of 
performing  these  operations  on  the  home-recorder,  characters  are 
printed  on  the  tape,  indicating  that  these  keys  have  been  operated 
properly.  When  the  backing  key  is  depressed,  an  arrow  is 
printed  on  the  tape.  This  arrow,  as  the  tape  moves,  travels 
'Vith  the  tape  along  a  properly  graduated  scale  and  indicates 
to  the  operator  the  position  of  the  character  last  printed  on  the 
page  printer  at  the  receiving  station. 

In  addition  to  the  home-recorder,  there  is  placed  beside  the 
keyboard  a  small  red  signal-lamp  for  the  guidance  of  the  sending 
operator.  When  the  carriage  at  the  receiving  station  has  ap- 
proached within  a  certain  number  of  characters  of  the  end  of 
the  line,  this  signal  lamp  automatically  lights,  thus  performing 
the  same  function  as  the  bell  on  the  type- writer  and  preventing 
the  sending  operator  from  piling  letters  at  the  end  of  the 
line.     When   the   operator    depresses    the    backing    key,    this 
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light  goes  out  as  soon  as  the  carriage  at  the  distant  station  has 
returned  to  the  beginning  of  a  new  line. 

At  the  receiving  station  the  messages  are  autonmtically 
printed  in  page  form  on  a  long  band  about  eight  inches  wide, 
(See  Fig.  1  for  facsimile  of  message)  which  may  be  prepared 


Fig.  1 — Facsimile  of  Rowland  Telegram 


with  the  regular  telegraph  blank,  or  any  other  blank  which  may 
b<j  desired.  On  these  blanks  the  messages  may  be  printed  in 
any  desired  form,  there  being  the  same  flexibility  as  can  be 
obtained  by  the  use  of  a  typewriter.  The  page  printer  consists 
of  a  light  carriage  which  carries  the  paper  and  is  capable  of 
being  moved  in  a  horizontal  direction  for  purposes  of  spacing. 
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The  paper  is  carried  around  a  roll,  which  by  rotating  places 
the  paper  in  positionforanewline.  The  paper  is  carried  between 
a  platen  and  a  constantly  rotating  steel  wheel,  having  the  various 
characters  engraved  on  its  rim.  When  a  character  to  be  printed 
is  directly  over  the  platen,  the  platen  throws  the  paper  against 
the  type- wheel,  which  is  continually  inked  by  a  small  felt  ink- 
wheel.  All  the  above  motions  and  the  operation  of  the  platen 
are  produced  by  electromagnets  under  the  perfect  control  of 
the  sending  operator. 

Speed  of  Operation 

The  speed  of  each  operator  is  limited  by  the  number  of  times 
per  minute  the  keys  are  unlocked.  The  normal  operating  speed 
being  210  revolutions  of  the  driving  mechanism  per  minute, 
the  keys  are  unlocked  3J  times  each  second,  or  210  times  per 
minute.  One  key  can  be  depressed  each  time  the  keys  are  im- 
locked.  The  theoretical  maximum  speed  is  about  40  words 
per  minute.  On  account  of  the  time  required  for  returning 
the  carriage  to  the  beginning  of  the  line,  and  also  because  of 
the  fact  that  the  operator  does  not  always  take  advantage  of 
the  unlocking  of  the  keys,  when  operating  for  long  periods,  the 
speed  in  actual  practice  is  about  35  words  per  minute.  How- 
ever, except  on  the  longest  lines  the  speed  of  the  operation  of 
the  machine  may  be  very  materially  augmented.  Upon  the 
basis  of  30  Words  per  message,  which  is  generally  accepted  as  a 
fair  average,  this  speed  is  equivalent  to  a  rate  of  about  76* 
messages  per  hour,  per  operator,  or  300  in  each  direction  per 
hour,  per  wire,  or  600  per  hour,  per  wire  for  the  full  octoplex. 
Telegraphic  Current 

In  the  Rowland  system  of  telegraphy,  the  basis  of  the  tele- 
graphic current  is  an  alternating  current. 

In  an  octoplex  installation  the  current,  at  the  normal  speed 
of  operation,  has  a  period  of  98  cycles  per  second.  The  same 
current  is  used  for  signalling  and  synchronizing.  This  alter- 
nating current  is  sent  over  the  line  continuously.  The  signals 
consist  in  reversing  certain  combinations  of  waves,  as  will  be 
described    later. 

Fig.  4,  Curve  I,  quadrant  C  is  an  oscillogram  of  a  block  of 
14  of  the  half  waves  of  the  basic  alternating  current.  The  half 
waves  are  numbered    from  1  to  56,    after    56    another  block 

*A  rate  of  71  messages  per  hour  has  been  maintained  in  commercial 
practice  for  all-day  operation.  A  rate  of  50  to  60  messages  per  hour 
is  maintained  with  ease. 
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begins  with  No.  1,  and  so  on.  This  block  of  56,  which  lasts  two- 
sevenths  of  a  second,  is  divided  into  four  blocks  each,  il,  B,  C, 
and  D,  each  of  which  is  assigned  to  a  different  operator,  making 
four  transmissions  each  way  if  duplexed  as  mentioned.  Each 
block  recurs  3.5  times  each  second. 

For  the  purpose  of  sending  the  actual  printing  signals,  only 
11  impulses  are  used  in  each  block.     One  of  the  remaining 
three  in  each  block  is  used  for  operating  the  lamp  signals  be- 
tween the  stations,  and  one  other,  in  the  D  block,  is  used  for  i 
the  letter  finder  impulse  as  is  described  later.     The  sending  of  i 
a  signal  for  the  printing  of  a  character  at  the  distant  end  consists  ' 
in  the  reversal  of  two  of  the  11  impulses.     By  variously  com- 
bining two  at  a  time  of  the  1 1  impulses,  a  sufficient  number  of 
signals  is  obtained  for  telegraphic  purposes,  that  is,  55  possible 
different  signals,  51  of  which  are  actually  used,  any  one  of  which 
may  be  transmitted  during  a  time  in  which  11  imptdses  pass 
over  the  line. 

Fig.  5  shows  how  the  11  half- waves  are  combined  to  obtain 
the  51  signals  used. 

Fig.  4,  Curve  1,  is  an  oscillogram  of  the  current  received  and 
which  vibrates  the  main-line  relay.  At  the  particular  time  of  the 
oscillogram  the  -4  operator  is  transmitting  the  signal  period  (•) 
The  B  operator  is  transmitting  the  signal  for  lining  and  the  C 
operator  is  transmitting  no  signal  and  the  D  operator  is  trans- 
mi  ting  the  letter  .4.  The  letter-finder  wave  is  also  shown  re- 
versed, as  this  is  always  reversed.  The  carriage  on  the  D  re- 
ceiving printer  is  at  the  end  of  a  line  and  the  lamp  signal  in  the  A 
quadrant    is    reversed. 

In  a  quadruplex  installation  the  current  has  a  period  of  just 
one-half  that  of  the  octoplex,  or  49  per  second;  and  the 
waves  shown  in  the  C  and  D  blocks  in  Fig.  4  are  omitted,  the 
waves  being  numbered  from  1  to  28  and  after  28  the  start  being 
a^ain  made  with  No.  1.  Each  block  recurs,  as  in  the  octoplex, 
3.5  times  a  second  and  thus  the  time  for  each  wave  is  twice  as 
great  as  in  the  octoplex  and  the  frequency  is  therefore  one-half. 

Gexerati.ng  the  Alternating  Current 

The  alternating  current  used  for  the  Rowland  system  is 
generated  directly  by  the  machine  itself,  this  being  necessary 
because  the  frequency  of  the  current  must  correspond  exactly 
with  the  speed  of  the  machine.  The  current  is  generated  by 
a  dynamo  or  by  a  transformer  and  a  commutator  together  with 
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a  combination  of  resistances  and  condensers  which  serve  no 
other  purpose  than  to  reduce  sparking  on  the  commutator. 

The  transformer  consists  of  two  primary  and  two  secondary 
coils  with  an  iron  core.  The  commutator  used  in  connection 
with  the  current  generator  has  eight  rings,  one  being  a  solid  col- 
ecting  ring  and  the  other  seven  being  crown  sections  having 
hi  the  octoplex  56  segments  and  in  the  quadruplex  28  segments 
every  alternate  segment  being  electrically  connected. 

One  terminal  of  each  of  the  two  primary  coils  of  the  trans- 
former is  connected  directly  to  negative.    The  other  terminals 


Fig.  .5 — Combination  diagram 


are  connected  to  the  alternate  segments  of  the  first  crown  sec- 
tion, the  coils  being  so  connected  that  the  current  flows  through 
them  in  such  a  manner  as  to  magnetize  the  iron  in  opposite 
directions.  The  theory  of  the  operation  of  this  current  generat- 
ing apparatus  should  first  be  considered  with  regard  only  to  the 
solid  collecting  ring  and  the  first  crown  section  (see  Fig.  6), 
the  other  crown  sections  simply  serving  the  purpose  of  stopping 
the  spark  and  preventing  wear  of  the  commutator  and  brushes. 
By  taking  into  consideration  only  these  parts,  it  will  be  seen 
that  the  brushes  (which  are  all  in  metallic  connection)  alternately 
connect  the  two  open  terminals  of  the  two  primary  transformer 
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coils  to  the  positive  of  the  direct-current  voltage,  thus  continually 
reversing  the  magnetism  of  the  iron  core  of  the  transfonner  as 
the  brushes  pass  from  one  segment  to  the  next.  These  reversals 
of  the  magnetism  of  the  iron  core  induce  in  the  secondaries  of  the 
transformer  an  alternating  current,  the  further  operation  of 
which  will  be  explained  later. 

The  remaining  six  crown  sections  of  the  commutator  have 
their  alternate  sections  connected  to  the  two  primaries  in  a 
similar  manner  to  the  first  crown  section,  except  that  in  place  of 
being  connected  directly  they  are  connected  through  resistances 
shimting  condensers,  these  resistances  increasing  in  value  from  the 


Fig.  6 — Current  generating  connections 


second  crown  section  to  the  last.  The  brushes  are  so  arranged 
on  the  trailer  arm  that  the  brushes  leave  corresponding  segments 
of  different  rings  in  the  order  of  increasing  resistailce.  By 
this  arrangement  the  spark  which  would  otherwise  occur  when 
the  brush  leaves  the  segments  is  prevented. 

On  the  end  of  the  brush  arm  opposite  to  that  carrying  the 
contact  brushes  are  mounted  two  carriers,  the  first  one  of  which 
carries  a  piece  of  dry  felt,  the  second  one  a  piece  of  felt  slightly 
oiled.  These  two  carriers  are  operated  by  springs  so  that  the 
felt  is  pressed  against  the  surface  of  the  commutator  in  such 
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a  way  that  the  dry  piece  of  felt  cleans  the  commutator  while 
the  second  piece  of  felt  furnishes  the  commutator  with  fresh  lub- 
ricant. The  action  of  these  pieces  of  felt  is  to  diminish  the 
spark  on  the  commutator  and  also  to  prevent  mechanical  wear  on 
both  the  brushes  and  commutator. 

Amount  op  Current  Required 

In  the  Morse  system  of  telegraphy,  and  in  fact  in  most  systems 
of  telegraphy,  it  is  customary  to  measure  thecurrrent  by  applying 
direct  voltage  to  the  line  so  that  the  same  amount  of  current 
flows  at  both  stations.  When  the  signalling  current  is  reversed 
in  direction  at  comparatively  regular  intervals  there  is  quite 
a  different  phenomenon.  In  this  case  a  greater  current  flows 
at  the  beginning  of  the  line  than  at  the  end.  This  fact  is  readily 
understood  by  considering  the  action  of  the  line.  Each  time 
that  the  current  is  reversed  not  only  does  a  certain  amoimt  of 
current  flow  from  the  beginning  to  the  end  of  the  line,  but  there 
is  also  a  large  amount  of  current  at  the  beginning  of  the  line 
necessary  to  charge  and  discharge  it.  When  the  line  has 
any  considerable  length,  that  is,  a  considerable  capacity,  the 
current  which  reaches  the  far  end  of  the  line  will  be  only  a  small 
part  of  that  which  enters  it.  An  example  will  illustrate:  A 
particular  line  has  a  capacity  of  8.4mf.  and  a  resistance  of  2070 
ohms,  when  operated  in  octoplex  (period  of  current  100)  240 
milliamperes  were  sent  out  at  the  beginning  of  the  line  and  about 
35  milliamperes  received  at  the  end  of  the  line;  that  is,  about 
six  times  as  much  current  was  required  to  charge  and  discharge 
the  line  as  reached  the  far  end  of  the  line  and  actually  vibrated 
the  main-line  relay.  Of  course,  a  similar  state  of  affairs  is  present 
when  a  line  is  operated  by  any  reverse-current  system,  such  as 
the  Morse  duplex  or  quadruplex;  but  the  phenomenon  is  not 
often  observed  as  the  steady  state  of  the  current  is  measured 
and  alternating-current  measuring  instruments  are  not  ordi- 
narily required  in  a  telegraph  office. 

For  the  proper  operation  of  the  relays  used  with  the  Rowland 
system,  it  is  necessary  to  have  at  least  25  milliamperes  at  the 
receiving  station.  A  very  good  practical  working  value  for  this 
relay  is  about  35  milliamperes ,  and  when  line  conditions  are  very 
bad  it  may  be  found  necessary  to  use  45  milliamperes.  These 
values  of  current  are  required,  not  because  the  apparatus  will  not 
operate  with  less,  but  the  signalling  current  must  be  sufficiently 
large  to  overbalance  the  effect  of  leakage  and  induction  currents. 
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Duplexing 

The  duplex  feature  of  the  Rowland  system  is  obtained  as  in 
many  other  systems  of  telegraphy  by  the  use  of  a  differentially 
wound  relay  and  an  artificial  line,  which  represents  as  nearly 
as  possible  the  real  line   as  regards  its  resistance  and  capacity. 

In  order  that  the  main-line  relay  may  not  be  affected  by  the 
outgoing  current,  it  is  necessary  that  the  currents  in  the  two 
sides  of  the  relay  should  be  identical.  In  order  that  one  may 
know  when  such  is  the  case,  a  large  resistance  (about  5,000 
ohms)  is  connected  from  one  side  of  the  relay  to  the  other. 
Across  a  small  part  of  this  resistance  (about  60  ohms)  a 
telephone  is  connected.*  When  the  currents  flowing  through  the 
two  sides  of  the  relay  are  identical,  no  current  will  flow  through 
this  shunt  and  consequently  there  will  be  no  sound  in  the  tele- 
phone. By  means  of  plugs  it  is  possible  readily  to  change  the 
resistance  of  the  artificial  line,  and  also  to  move  the  condensers 
to  any  part  of  this  resistance  and  thus  to  adjust  the  currents  in 
the  two  sides  of  the  relay  until  they  are  equal  in  phase  and  value. 
In  the  Rowland  system  the  alternating  characteristic  of  the 
current  causes  the  balance  to  depend  more  directly  on  the  capa- 
city of  the  line  than  on  its  resistance.  The  balance  used  in 
its  operation,  therefore,  is  much  more  stable  under  varying 
conditions  of  the  weather  than  in  such  a  system  as  the  Morse 
quadruplex,  in  which  the  resistance  must  be  kept  adjusted  to 
the  varying  conditions,  since  the  weather  has  much  greater 
effect  on  the  equivalent  resistance  of  the  line  than  on  its  capa- 
city. 

Synchronism 

In  most  of  the  systems  of  multiplex  telegraphy  that  have 
ever  been  tried  the  principle  of  synchronism  has  been  used ;  that 
is,  the  apparatus  at  either  end  of  the  line  has  been  operated  in 
unison  with  that  at  the  other  end.  In  most  synchronous  systems 
of  telegraphy,  synchronism  is  obtained  by  adjusting  the  ap- 
paratus at  each  station  so  that  it  rotates  very  closely  to  some 
predetermined  speed  and  in  some  way,  at  definite  intervals, 
a  correcting  impulse  is  sent  over  the  line;  by  this  means  the 
position  of  the  apparatus  is  changed  by  the  amount  it  has  de- 

*  Recently  a  double- needle  indicating  instrument  has  been  devised  for 

use  in  connection  with  the  Rowland  system;  one  needle  indicates  when 

the  resistance  referred  to  has  been  properly  adjusted,  and  the  two  needles 

by  both  giving  zero  readings  indicate  when    the   capacity  has  been 

djusted  and  located. 
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viated  from  the  other  machine  since  the  last  correction.  All 
methods  of  synchronism  based  on  this  principle  have  proved 
that  they  require  extremely  delicate  adjustment,  and  even  under 
the  best  conditions  are  subject  to  frequent  disturbances. 

The  synchronism  as  used  in  the  Rowland  system  of  telegraphy 
is  of  a  continuous  and  stable  character.  The  synchronism  is 
maintained  by  the  use  of  every  impulse  which  comes  over  the 
line,  (of  which  there  are  in  the  octoplex  196  per  second)  and  not 
a  small  fraction  of  the  total  number,  as  in  the  case  of  the  systems 
referred  to  above.  These  impulses  come  at  such  a  rapid  rate 
that  on  account  of  the  large  inertia  of  the  moving  parts  no  effect 
is  observed  due  to  each  impulse  separately ;  but  the  regulation 
is  entirely  due  to  the  integral  effect  of  a  large  number  of  impulses, 
so  that  any  variation  of  even  a  comparatively  large  number  of 
the  impulses  will  produce  no  sudden  disturbance  of  the  synchro- 
nism. 

Potts*  Synchronizer 

This  synchronizer  (which  is  the  form  now  used  on  the  Row- 
land machines)  consists  of  a  small  direct-current  shunt  motor. 
(See  Fig.  7).  On  a  shaft  driven  by  this  motor  is  mounted  a 
trailer  Z},  which  passes  over  a  crown  commutator  having  alter- 
nate segments  electrically  connected.  This  crown  commutator  has 
such  a  number  of  segments  that  each  segment  corresponds 
to  a  half  wave  of  the  alternating  current  used  for  signalling.  It 
will  be  seen  that  the  effect  of  this  brush  arm  and  commutator 
is  identical  with  that  of  the  vibrating  tongue  of  a  relay.  The 
alternate  segments  of  this  crown  commutator  are  connected 
to  the  two  contacts  of  the  synchronizing  end  of  the  main-line 
relay.  In  series  with  the  armature  of  the  motor  above  referred 
to  is  a  resistance  Zr.  One  side  of  this  resistance  is  connected 
to  the  synchronizing  tongue  M,<  of  the  main-line  relay.  The 
other  terminal  of  this  resistance  is  connected  to  the  trailer  Zi,, 

The  tongue  of  the  main-line  relay  is  kept  in  continuous  vibra- 
tion by  the  alternating  current  from  the  distant  station,  and 
the  trailer  Zi  is  kept  in  continuous  rotation  by  the  motor.  If  the 
tongue  of  the  relay  is  on  the  side  contact  which  is  connected  to 
the  set  of  segments  of  the  crown  commutator  which  the  trailer 
is  touching  at  the  same  time,  it  will  be  seen  that  the  resistance 
Zf  is  short-circuited ;  while  if  the  tongue  of  the  main  line  relay  is 
on  the  side  contact  of  the  relay  which  is  not  connected  to  the 
set  of  segments  of  the  crown  commutator  which  the  brush  Z^ 
is  touching  at  the  same  time,  the  resistance  Zf  will  be  in  series 
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with  the  arxnature  of  the  motor.  In  one  case  the  armature 
will  receive  a  much  greater  current  than  in  the  other. 

Consider,  first,  the  case  when  the  vibrations  of  the  tongue  of 
the  main  line  relay  and  the  rotation  of  the  brush  arm  bear 
such  a  relation  to  one  another,  that  as  long  as  the  tongue  M  si 
is  against  the  contact  Mxt\  the  brush  Z^  is  in  contact  with  the 
s^[ments  Z,^.  If  this  condition  is  maintained  it  will  be  seen 
that  the  resistance  Zr  is  continuously  shunted. 

Secondly,  consider  the  case  when  the  %4brations  of  the  tongue 
of  the  main  line  relay  bear  such  a  relation  to  the  rotation  of 
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Fig.  7 — Synchronizing  connections 


the  brush  arm,  that  when  the  tongue  Mzt  is  on  the  contact  Mac\ 
the  brush  is  on  segments  Zs-i  and  when  the  tongue  is  on  the 
contact  Mgc,  the  brush  is  on  the  segments  Zs,.  If  this  condition 
is  continuously  maintained  it  will  be  seen  that  the  resistance 
Zr  is  continuously  in  circuit  with  the  armature. 

Thirdly,  consider  any  case  in  which  the  vibrations  of  the  relay 
tongue  and  rotation  of  the  brush  arm  have  some  relation  between 
the  above  two.  If  any  relation  between  the  first  two  mentioned 
is  continuously  maintained,  it  will  be  readily  seen  that  at  rapidly 
recurring  intervals  the  resistance  Zr  will  be  in  circuit  and  out  of 
circuit.     Depending  upon  the  relation  between  the  vibration 
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of  the  tongue  and  the  rotation  of  the  brush  arm,  the  intervals 
during  which  the  resistance  is  in  circuit  and  out  of  circuit  will 
vary  in  length;  and  in  addition  to  the  regular  cvurent  flowing 
through  the  anna'ture,  there  will  be  a  pulsating  current  flowing 
through  the  same  and  the  strength  of  these  impulses  will  depend 
upon  the  relation  existing  between  the  vibrations  of  the  tongue 
and  the  rotation  of  the  brush  arm.  Consequently,  while  the 
relay  tongue  is  vibrating  in  unison  with  the  rotation  of  the  brush 
arm,  there  can  be  various  amounts  of  current  flowing  through  the 
armature  of  the  motor,  depending  upon  the  relation  of  the  relay 
tongue  and  the  brush  arm.  (This  relation  is  spoken  of  as  the 
phase  difference). 

Let  us  assume  that  the  relay  tongue  and  the  brush  arm 
have  such  a  relation  that  the  current  allowed  to  flow  through  the 
armature  isofthecorrect  value  to  maintain  the  speed  of  the  motor 
at  the  same  value  continuously.  If  the  rate  of  vibration  of  the 
relay  tongue  increases,  the  relation  between  the  vibration  of 
the  relay  tongue  and  the  rotation  of  the  brush  arm  will  change, 
but  in  such  a  manner  as  to  strengthen  the  impulses  flowing 
through  the  armature ;  and  consequently  the  speed  of  the  motor 
will  be  increased,  but  only  until  this  speed  corresponds  to  the  rate 
of  vibration  of  the  tongue.  If  the  armature  of  the  motor  attempts 
to  go  faster  than  the  vibrations  of  the  relay  tongue,  the  impulses 
through  the  armature  are  weakened  and  the  speed  is  kept  normal. 
If  the  motor  attemps  to  go  slower  the  impulses  are  strengthened 
and  the  speed  of  the  motor  is  still  kept  normal.  Consequently 
the  speed  of  the  motor  follows  any  changes  in  the  vibrations  of 
the  tongue  and  any  tendency  for  the  motor  to  change  its  speed, 
as,  for  instance,  a  change  in  the  voltage  in  the  power  circuit, 
is  immediately  compensated  for  by  a  slight  shift  in  the  phase 
difference  above  mentioned.  In  starting  the  machine,  syn- 
chronism is  obtained  by  the  use  of  a  rheostat  in  series  with  the 
motor  field. 

The  operation  of  the  synchronizing  device  will  be  better  under- 
stood by  referring  to  Fig.  4  which  gives  several  oscillograms  of 
the  synchronizing  current  under  different  conditions.  Curve 
No.  3  is  the  current  through  the  motor  armature  when  in  syn- 
chronism, and  Curve  No.  4  is  same  when  the  motor  is  coming 
into  synchronism.  Curve  No.  5  shows  the  current  furnished 
to  the  motor  by  way  of  the  vibrating  lelay  and  not  the  total 
current  in  the  armature  of  the  motor  and  for  a  high  value  of 
current  in  the  field  of  the  motor.  Curve  No.  6  is  the  same  as  No.  5 
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except  that  a  much  smaller  value  of  current  is  flowing  in  the 
fields  of  the  motor.  In  both  Curve  No.  5  and  No.  6  the  motor  was 
in  synchronism.  The  difference  in  length  and  value  of  the 
imptilses  in  the  two  cases  is  to  be  noted.  Curve  No.  7  shows  the 
same  current  as  No.  6  except  for  the  condition  when  the  motor 
is  coming  into  synchronism.  The  rheostat  is  regulated  tmtil 
synchronism  is  obtained. 

If  the  above  arrangement  is  used  alone,  it  will  be  found  that 
the  synchronism  will  not  be  steady,  but  will  oscillate;  that  is 
at  rapid  intervals  the  speed  of  the  motor  will  increase  and 
decrease  between  certain  limits.  These  oscillations  are  pre- 
vented by  mounting  on  the  high-speed  shaft  of  the  motor  a 
so-called  viscous  damper.  In  one  form  this  damper  consists 
of  a  steel  fly-wheel  having  a  hollow  rim  which  is  nearly  filled 
with  mercury.  The  friction  between  the  rotating  mercury  and 
the  rotating  rim  of  the  fly  wheel  rapidly  dampens  any  vibrations 
which  tend  to  take  place  and  makes  the  synchronism 
almost,  if  not  quite,  dead-beat.  This  effect  of  the  mercury 
damper  is  identical  with  the  effect  produced  on  the  vibrations 
of  a  pendulum  by  immersing  it  in  molasses  or  mercury. 

In  regard  to  the  practical  operation  of  the  above  method  of 
synchronism,  it  may  be  stated  that  the  synchronism  is  often 
maintained  for  a  whole  day  continuously  without  a  single  failure. 
Line  swings  of  short  duration  do  not  cause  it  to  loosen  the  letter, 
but  cause  an  oscillation  for  an  instant.  All  the  variations  of 
voltage,  etc.,  under  commercial  conditions  are  automatically 
taken  care  of.  To  illustrate,  in  a  test  of  this  point  changes  in 
the  conditions,  which  would  cause  the  motor  to  change  its  speeds 
60%  if  the  synchronizing  device  were  cut  out,  have  been  made 
without  loss  of  svnchronism. 

Synchronous  Indicator 

In  addition  to  being  able  to  produce  synchronism,  it  is  nec- 
essary to  have  some  means  of  knowing  when  synchronism  has 
been  obtained.  There  are  many  methods  of  doing  this.  Two 
methods  are  usually  provided. 

First.     The  synchronizing  telephone. 

This  is  a  telephone  in  parallel  with  a  small  resistance,  through 
which  flows  a  small  part  of  the  pulsating  current  which  flows 
through  the  armature  of  the  motor.  If  synchronism  has  not 
been  obtained,  sounds  of  two  different  pitches  will  be  heard  in 
the  telephone.     If  the  speed  is  sufficiently  near  synchronism 
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beats  will  be  heard,  similar  to  those  produced  when  two  keys 
of  nearly  the  same  pitch  on  an  organ  are  sounded  at  the  same 
time.  As  the  speed  more  nearly  approaches  synchronism  these 
beats  will  follow  each  other  at  greater  intervals;  and  finally, 
when  synchronism  has  been  obtained,  there  will  be  a  smooth 
sound  of  a  definite  pitch. 

Second.     The  synchronizing  lamp. 

An  incandescent  lamp  is  connected  so  that  it  receives  a  pul- 
sating current  similar  to  that  passing  through  the  armature  of 
the  motor  and  the  telephone.  When  synchronism  has  not  been 
obtained  the  light  of  the  lamp  will  pulsate,  when  synchro- 
nism has  been  obtained  the  light  of  the  lamp  will  be  steady. 

Finding  the  Letter 

It  will  be  noted  from  the  description  of  the  synchionizer  that 
every  alternate  segment  of  the  synchronizing  commutator  is 
in  electrical  connection,  and  that  consequently  when  synchro- 
nism is  obtained  the  brushes  may  be  on  any  one  of  28  segments 
in  the  octoplex,  or  on  any  one  of  14  segments  in  the  quadru- 
plex.  Before  the  signals  can  be  received  properly,  it  is  necessary 
that  the  trailers  of  the  sending  and  receiving  stations  shall  be 
on  corresponding  segments. 

The  operation  of  shifting  the  brushes  so  that  they  are  on 
corresponding  segments  is  the  so-called  **  finding  the  letter." 
For  this  purpose,  at  the  sending  station  the  impulse  correspond- 
ing to  the  fifty-fifth  segment  (in  the  quadruplex  it  is  the 
twenty-seventh  [segement)  is  reversed  every  revolution.  At 
the  receiving  station  the  fifty-fifth  segment  in  the  octoplex, 
or  the  twenty-seventh  in  the  quadruplex,  operates  the  "letter 
finder  "  relay,  identical  in  connections  with  a  selecting  relay. 
This  relay  is  so  connected,  that  when  it  receives  a  normal  un- 
reversed impulse  it  is  against  its  rear  contact ;  but  when  it  re- 
ceives a  reversed  impulse  it  is  against  its  front  contact. 

A  gear  driven  by  the  motor  pinion  on  the  line  unit,  at  a  speed 
of  3.5  revolutions  per  second — the  normal  operating  speed — 
carries  a  pawl  which  engages  with  a  28  toothed  ratchet ;  in  the 
quadruplex  the  ratchet  has  14  teeth.  This  ratchet  is  fixed 
rigidly  on  the  gear  which  drives  the  commutator  brushes.  The 
motor  pinion,  then,  drives  the  gear  carrying  the  pawl,  and  the 
pawl  engaging  the  ratchet  drives  the  train  of  gears  carrying 
the  brushes  on  the  commutator.  An  electromagnet  attached 
to  the  frame  of  the  machine  operates  a  plunger  which  causes 
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a  pin  to  trip  the  pawl  on  the  ratchet,  dropping  it  back  one  tooth 
each  time  the  magnet  is  operated.  The  circuit  of  the  magnet 
is  completed  through  a  resistance,  a  push  button,  and  the  back 
contact  of  the  letter  finder  relay. 

If  synchronism  has  been  obtained  and  the  brushes  are  not  on 
corresponding  segments  at  the  sending  and  receiving  stations, 
the  letter  finder  relay  will  be  back,  and  when  the  push  button 
is  depressed  the  letter  finder  magnet  will  operate  and  the  pawl 
will  drop  back  one  tooth  in  the  ratchet  each  revolution  until 
the  brushes  are  on  corresponding  segments,  when  the  reversed 
fifty-fifth  impulse  will  fall  on  the  letter  finder  relay,  and  the  cir- 
cuit of  the  fetter  finder  magnet  will  be  broken.  An  incandes- 
cent lamp  is  connected  from  the  positive  terminal  through  the 
back  contact  and  tongue  of  the  letter  finder  relay  to  negative. 
As  long  as  the  brushes  are  not  on  corresponding  segments  this 
lamp  will  be  lighted.  When  the  brushes  are  on  corresponding 
segments,  and  the  relay  tongue  is  therefore  on  its  front  contact, 
the  lamp  will  go  out  indicating  that  the  letter  has  been  found. 

Transmission  op  thb  Signals 

The  transmitting  apparatus  proper  consists  of  a  keyboard, 
a  sending  commutator,  and  a  transmitting  relay.  (See  Fig.  8.) 
The  keyboard  consists  of  a  number  of  levers,  one  for  each  char- 
acter, pivoted  in  the  middle  and  each  carrying  a  heavy  contact 
strip  which,  when  the  key  is  depressed,  makes  contact  with  two 
pins.  On  one  end  of  this  lever  is  a  small  lip  5,  which  engages  a 
steel  bar  S^,  passing  above  the  keys.  By  means  of  a  cam  5^ 
and  a  lever  S,  this  bar  is  given  a  reciprocating  motion.  In  one 
position  it  permits  the  keys  to  be  depressed  at  will,  and  in  the 
other  position  it  holds  the  keys  down  or  up,  as  the  case  may  be. 
At  the  usual  speed  of  operation  this  bar  is  made  to  oscillate  three 
and   one-half   times   per   second. 

The  sending  commutator  consists  of  a  ring  dvided  into  56 
segments  in  the  octoplex,  or  28  in  the  quadruplex.  Each  of 
these  segments  corresponds  to  a  half-wave.  Eleven  segments 
being  connected  to  each  keyboard,  each  key  when  depressed  con- 
nects two  of  these  segments  to  the  negative. 

The  transmitting  relay  consists  of  a  polar  relay  of  ordinary 
form,  one  coil  of  which  is  connected  through  a  high  resistance 
in  such  a  way  as  to  receive  current  continuously,  giving  the  trans- 
mitter tongue  a  bias  which  holds  it  normally  against  one  con- 
tact.    The  other  coil  when  energized  by  current  through  the 
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sending  commutator,  keyboard  contact  pins  and  key  lever,  and 
a  resistance,  attracts  the  transmitter  tongue  to  the  other  contact. 
This  disconnects  the  line  from  one  secondary  of  the  transformer 
and  connects  it  to  the  other,  thus  sending  an  impulse  the  reverse 
of  the  normal.  When  the  brush  passes  over  such  segments  as 
are  made  negative  by  a  depressed  key  on  the  keyboard,  the 
magnet  5m  is  energized,  and  the  impulses  corresponding  to  these 
segments  are  reversed.  The  cam  S^  is  so  geared  to  the  brush 
5»  that  the  keys  are  always  locked  when  the  brushes  pass  over 
the  segments  corresponding  to  that  particular  keyboard. 
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Fig.  8 — Transmitting  and  home-recording  connections 


Home  Recorder 
In  addition  to  printing  the  message  at  the  distant  station, 
a  record  is  also  obtained  at  the  sending  station  for  the  guidance 
of  the  operator  and  for  record  purposes.  This  record  is  pro- 
duced by  the  outgoing  signals,  in  a  manner  similar  to  that  used 
at  the  receiving  station.  For  this  purpose  each  sending  posi- 
tion is  supplied  with  a  bank  of  home-recording  selecting  relays 
identical  with  those  supplied  at  the  receiving  position.  These 
relays,  instead  of  being  operated  by  a  current  from  the  contacts 
of  the  main-line  relay,  are  operated  by  a  current  shunted  off 
from  the  main  signalling  current  just  before  it  enters  the  main- 
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lixie  relay.  This  signalling  current  is  distributed  to  the  various 
home-recording  selecting  relays  by  a  commutator  of  56  seg- 
ments (or  of  28  segments  in  the  quadruplex)  identical  in  con- 
struction with  the  receiving  commutator. 

The  home-recording  printer,  in  the  present  form,  is  a  tape 
printer.  The  operation  of  this  tape  printer  is  perfectly  identi- 
cal with  that  of  the  page  printer,  except  that  the  mechanism 
for  lining,  blanking,  and  backing  is  omitted.  (See  description 
oi  page  printer).  Corresponding  to  the  back  contact  signal  on  the 
page  printer  at  the  distant  end,  there  is  placed  on  the  sending 
tape  printer  a  small  incandescent  lamp  which  lights   whenever 


Fig.  9 — Receiving  connections 

the  receiving  lamp  relay  is  against  its  front  contact  ;that  is,  when- 
ever the  carriage  on  the  page  printer  is  within  a  certain  number 
of  letters  of  the  end  of  a  line,  notifying  the  sending  operator 
of  this  fact. 

Receiving  the  Signals 

On  account  of  the  fact  that  the  signals  are  produced  by  a 
combination  of  two  out  of  eleven,  it  is  necessary  that  the  first 
of  the  two  signals  received  be  stored  up  in  some  way  until  the 
second  signal  is  received,  before  the  corresponding  character 
can  be  printed.  This  is  accomplished  by  the  use  of  polarized 
relays,  one  corresponding  to  each  of  the  eleven  impulses.     Each 
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printer  is  furnished  with  a  bank  of  11  receiving  selecting  relays. 
(See  Fig.  9.)  For  receiving  the  signals  there  is  employee  a 
vibrating  tongue  of  the  same  line  relay  which  is  used  for  syn- 
chronizing, the  relay  having  two  independent  tongues  and 
pairs  of  contacts,  one  for  synchronizing  and  one  for  printing. 

The  receiving,  like  the  sending  commutator,  consists  of  a  ring 
divided  into  56  segments  in  the  octoplex,  or  28  segments  in  the 
quadruplex,  one  segment  corresponding  to  each  of  the  56  or  28 
impulses.  One  terminal  of  the  winding  of  each  relay  is  connected 
to  a  common  point,  and  the  other  terminal  to  the  corresponding 
segment  of  the  receiving  commutator,  so  that  each  relay  repre- 
sents one  of  the  56  or  of  the  28  impulses.  Every  alternate  relay  is 
connected  in  reverse,  so  that  as  the  alternating  current  is  dis- 
tributed among  the  relays,  each  one  is  against  its  back  stop, 
except  in  the  case  when  the  corresponding  impulse  is  reversed, 
when  the  relay  tongue  will  be  against  its  front  stop. 

A  resistance  of  600  ohms  is  shunted  across  the  110- volt 
direct-current  mains.  The  middle  of  this  resistance  is  con- 
nected to  the  conmaon  terminal  of  the  receiving  selecting  relays. 
The  print  contacts  of  the  main-line  relay  are  connected  to 
points  about  100  ohms  from  the  terminals  of  the  600-ohm 
resistance.  As  the  tongue  of  the  main-line  relay  vibrates 
from  one  contact,  to  the  other,  the  current  furnished  the  selecting 
relays  changes  its  direction,  and  reproduces  locally  the  signalling 
current  received  from  the  other  station.  As  the  brush  /?b  rotates 
in  synchronism  with  the  vibrations  of  the  tongue  Mr,  each  of  the 
selecting  relays  will  receive  an  impulse  which  will  draw  the 
tongue  against  its  back  or  front  stop,  depending  upon  whether 
the  impulse  has  been  normal  or  reversed  at  the  sending  station. 

Fig.  4,  Curve  2.  shows  the  impulses  flowing  through  the 
selecting  relays.  The  impulses  shown  correspond  to  those  for 
the  received  current  shown  in  Curve  1. 

A  telephone  will  be  noted  on  Fig.  9.  This  is  for  the  purpose 
of  indicating  the  proper  adjustment  of  the  receiving  commutator. 
When  the  commutator  is  not  properly  adjusted  it  is  indicated 
by  a  loud  rap  in  the  telephone. 

Automatic  Translation  op  Received  Signals  into  Printed 

Characters 

The  page  printer,  by  means  of  which  51  different  operations 
may  be  performed  from  the  keyboard  controlled  by  the  operator 
at  the  distant  station,  involves  the  following  features: 
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First.  A  solid  steel  type- wheel  about  2.5  inches  in  diameter, 
on  the  circumference  of  which  the  characters  to  be  printed  are 
engraved.  This  type- wheel  revolves  continuously  at  the  end  of 
a  horizontal  shaft,  and  in  synchronism  with  the  trailers  on  the 
various  commutators. 

Second.  A  light  paper  carriage,  carrying  the  paper  which  is 
fed  from  a  roll  underneath  the  type-wheel  when  new  lines  are  to 
be  made. 

Third.  A  device  to  thrust  the  paper  forward  to  make  a  new 
line. 

Fourth.  A  device  to  move  the  paper  carriage  sideways  to 
produce  the  space  between  letters  and  between  words. 

Fifth.  A  device  to  return  the  carriage  to  the  beginning  of  a 
new  line. 

Sixth.  A  small  printing  magnet,  which  operates  a  hammer  or 
platen  which  throws  the  paper  against  the  lower  side  of  the  rim 
of  the  type- wheel,  at  the  moment  when  the  character  to  be 
printed  has  turned  to  its  proper  position  above  the  line. 

Seventh.  A  set  of  five  polarized  relays  called  the  distributing 
relays,  connected  to  the  page  printer  by  a  cable,  which  serves 
the  purpose  of  making  contacts  at  proper  moments  for  sending 
current  to  the  print  magnet  to  print ;  to  a  lining  magnet  to  line ; 
to  a  spacing  magnet  to  move  the  paper  sideways;  to  a  backing 
magnet,  which  allows  the  carriage  to  return  for  the  beginning 
of  a  new  line ;  and  to  a  blanking  mechanism  which  rapidly  feeds 
out  the  paper  until  a  new  blank  is  in  the  proper  position  for  the 
beginning  of  a  new  message.  Each  of  these  operations  is 
completely  controlled  by  a  key  on  the  keyboard  at  the  distant 
station. 

Eighth.  A  combination  commutator,  the  function  of  which 
will  appear  from  the  following  description.  Fig  10  shows  such 
a  commutator  developed.  This  commutator  consists  of  three 
rings  being  divided  into  a  number  of  segments,  one  fifty-sixth 
of  a  circumference  corresponding  to  each  operation.  The  rings 
1  and  2  are  divided  into  various  segments  lettered  from  A  to  K. 
The  arrangement  of  these  segments  are  so  chosen  that  at  one 
point,  and  only  one  point,  any  two  segments  corresponding  to  a 
given  character  will  be  in  line.  The  thiid  ring  is  divided  into 
various  segments,  and  according  as  the  combination  at  any 
particular  point  of  the  commutator  is  to  print,  space,  etc..  this 
segment  of  the  third  ring  is  connected  to  the  corresponding 
distributing  relay.     All  of  the  segments  in  rings  1  and  2  bearing 
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the  same  letter  are  connected  to  the  contact  of  the  corresponding 
receiving  selecting  relay,  in  the  bank  of  eleven  selecting  relays 
belonging  to  that  page  printer. 

The  operation  of  the  page-printer  will  be  readily  understood 
by  reference  to  Fig.  10,  where  the  connections  of  the  page- 
printer  are  shown.  The  inconaing  signal,  which  consists  of  two 
reversed  waves,  is  first  received,  as  elsewhere  described,  by 
throwing  forward  the  tongue  of  the  two  corresponding  selecting 
relays  against  their  front  contacts.  By  so  doing,  the  segments  of 
the  combination  commutator  having  the  same  letters  as  these 
relays  will  be  connected  to  the  frame  of  the  bank  of  selecting 
relays,  since  the  eleven  tongues  of  this  bank  of  relays  are  elec- 
trically connected  to  the  frame.  The  brush  bearing  on  ring 
No.  2  of  the  combination  commutator  is  connected  directly 
to  negative,  the  frame  of  the  machine,  while  the  brushes  on 
rings  No.  1  and  No.  3  are  insulated  from  the  frame,  but  connected 
to  each  other. 

When  the  trailer  brushes  on  the  combination  commutator, 
being  in  continuous  rotation  on  the  three  rings  Nos.  1,  2,  and  3, 
rest  at  the  same  time  upon  segments  of  the  commutator  which 
are  connected  together,  through  the  contacts  and  tongues  of  the 
two  selecting  relays  which  are  against  their  front  stops,  an 
impulse  will  be  sent  through  the  wire  P  12  and  the  front  spool 
of  the  print  relay.  This  will  throw  the  tongue  of  the  print  relay 
forward  and  close  the  circuit  of  the  print  magnet,  operating  the 
hammer  and  throwing  the  paper  against  the  type-wheel  at  the 
proper  time  to  print  the  letter  corresponding  to  the  signal  sent. 

When  the  print  magnet  operates,  a  contact  on  the  hammer 
will  ground  the  contact  5,  and  thus  send  a  current  through  the 
back  spool  13,  of  the  print  relay,  and  also  through  the  front 
spool  of  the  space  relay.  This  will  open  the  circuit  of  the  print 
magnet,  thus  releasing  it,  and  at  the  same  time  will  close  the 
circuit  of  the  space  magnet.  When  the  space  magnet  has  oper- 
ated the  spacing  mechanism  of  the  printer,  a  contact  attached  to 
this  mechanism  connects  the  contact  7  to  the  negative,  thus 
sending  an  impulse  through  the  back  spool  P  7  of  the  space 
relay,  and  pulling  the  tongue  of  the  space  relay  against  its  back 
contact,  thus  opening  the  circuit  of  the  space  magnet. 

The  electrical  operation  of  the  backing  mechanism  is  similar 
to  that  of  the  printing  and  the  spacing  .  except  that  the  operation 
of  the  release  contact  is  somewhat  different.  In  order  to  throw 
the  backing  relay  against  its  back  stop,  it  is  necessary  to  make  two 
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contacts.  One  of  these  contacts,  9,  is  made  when  the  paper 
carriage  has  returned  to  the  beginning  of  a  new  line,  so  that 
current  continues  to  flow  through  the  back  magnet  until  the 
carriage  is  returned  to  the  beginning  of  a  new  line.  The  other 
contact,  through  wire,  No.  23,  is  made  by  the  trailer  brush 
passing  over  a  short  segment  on  the  combination  commutator. 
The  "  buffer  '*  magnet  is  energized  by  current  through  wire  No. 
14  and  a  contact  on  the  plunger  of  the  backing  magnet,  as  soon 
as  the  backing  magnet  is  operated.  When  the  carriage  returns 
to  the  beginning  of  a  line  it  is  held  by  the  buffer  magnet,  which 
prevents  the  carriage  rebounding,  until,  at  the  next  revolution  of 
the  trailers,  contact  is  made  on  the  short  segment  of  the  commu- 
tator, and  current  through  wire  No  23  and  contact  No.  9  and  the 
back  spool  of  the  backing  relay  opens  this  relay  and  releases  the 
backing  and  the  buffer  magnets. 

The  electrical  operation  of  the  lining  mechanism  is  identical 
with  that  of  the  printing  and  the  spacing.  When  the  operator 
has  finished  a  telegraphic  message  and  desires  to  start  a  new  one, 
the  blank  key  is  depressed.  This  throws  forward  the  blanking 
relay  against  its  front  contact.  This  connects  the  front  spool 
of  the  lining  relay  to  negative  by  way  of  contact  16  and  the 
blanking  relay.  The  contact  of  the  lining  mechanism  nor- 
mally rests  against  the  contact  16,  and  if  the  blanking  relay 
is  front  the  lining  relay  will  be  thrown  front,  and  the 
lining  magnet  will  operate  and  in  so  doing  will  ground  the 
back  spool  of  the  lining  relay  through  the  contact  11,  thus 
opening  the  circuit  of  the  lining  magnet,  which  will  allow  the 
negative  contact  of  the  lining  mechanism  again  to  throw  front  the 
lining  relay.  This  process  will  continue  and  the  paper  will  be  fed 
out  as  long  as  the  blanking  relay  remains  forward.  However, 
at  definite  intervals  the  paper  is  perforated,  and  as  soon  as  the 
blank  has  advanced  to  the  proper  position  the  holes  allow  the 
brushes  17  to  make  contact  through  the  paper  with  a  negative 
connection  on  the  frame.  This  sends  an  impulse  through  the 
back  spool  of  the  blanking  relay,  thus  pulling  the  tongue  of  the 
blanking  relay  against  its  back  contact  and  thus  stopping  the 
operation  of  the  lining  mechanism. 

When  the  carriage  is  within  a  certain  number  of  characters  of 
the  end  of  the  line,  a  contact  is  made  by  the  action  of  a  strip  on 
the  carriage  frame,  thus  grounding  the  segment  on  the  sending 
commutator  which  corresponds  to  the  back  signal.  This  con- 
tinues to  send  the  backing  signal  to  the  operator  at  the  distant 
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end  as  long  as  the  carriage  is  within  a  certain  distance  of  the  end 
of  the  line.  This  is  also  so  arranged  that  when  the  blanking 
relay  is  front  and  the  paper  is  feeding  out,  it  sends  the  signal 
to  light  the  red  lamp  at  the  sending  station,  thus  insuring  that 
the  sending  operator  does  not  begin  a  new  message  before  the 
paper  has  stopped  moving. 

Mechanism  for  Producing  the  Unison  of  Local  Apparatus 
In  order  that  the  motor  which  is  synchronized  oy  the  impulses 
over  the  line,  and  which  drives  the  brushes  on  the  commutators 
directly  concerned  with  the  sending  and  the  reception  of  signals, 
have  as  little  and  as  constant  an  amount  of  work  to  do  as  possible, 
the  printers  and  home-recorders  are  sometimes  (particularly  in 
large  installations)  driven  by  a  separate  motor,  Fig.  13,  which 
is  kept  in  unison  with  the  motor  on  the  line  unit.  It  is  not  only 
necessary  that  these  two  pieces  of  apparatus  be  kept  in  syn- 
chronism, but  also  that  their  commutators  bear  a  definite  relation 
to  one  another.  In  order  that  this  may  be  the  case,  the  mechan- 
ism which  maintains  the  unison  of  these  two  pieces  of  apparatus 
is  so  arranged  that  this  unison  is  possible  only  when  the  commuta- 
tors bear  a  correct  relation,  the  one  to  the  other. 

On  the  line  unit  is  a  commutator,  known  as  the  multiple- 
unison  commutator,  divided  into  twelve  segments;  and  on  the 
unison  unit,  which  is  the  driving  mechanism  of  the  local  printers, 
is  a  similar  commutator  of  12  segments,  known  as  the  unison 
unit  commutator.  The  corresponding  segments  on  these  two 
commutators  are  electrically  connected.  The  biush  on  the 
multiple-unison  commutator  is  connected  to  negative.  The  brush 
on  the  unison-unit  commutator  is  connected — after  the  unison- 
unit  motor  is  brought  up  to  speed  by  means  of  the  starting  box — 
to  one  terminal  of  the  motor  armature,  and  also  to  one  term- 
inal of  the  synchronizing  resistance.  The  other  terminal  of 
the  synchronizing  resistance  is  connected  to  negative:  and  the 
other  terminal  of  the  motor  armature  to  positive.  The  brushes 
on  the  unison-unit  commutator  are  driven  by  the  unison-unit 
motor. 

When  the  line-unit  and  unison-unit  motors  are  running  at  the 
proper  speed  the  brushes  on  each  commutator  will  be  making 
210  revolutions  per  minute.  If  the  brushes  are  on  corresponding 
segments  of  the  two  commutators,  the  synchronizing  resistance 
will  be  short-circuited,  and  the  armature  of  the  unison-unit 
motor  will  be  directly  acioss  the  power  mains.     If  the  brushes 
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are  not  on  corresponding  segments  of  the  two  commutators, 
the  synchronizing  resistance  will  be  inserted  in  the  aroiattire 
circtut,  reducing  the  speed  of  the  unison-unit  motor,  which  will 
run  slowly  until  it  has  dropped  back. to  a  point  where  the  brushes 
are  again  on  corresponding  segments  on  the  two  commutatois, 
when  the  armature  will  again  receive  its  full  current.  By  adjust- 
ing the  resistance  in  series  with  the  shunt  field  of  the  motors, 
the  speed  can  be  regulated  to  such  a  point  that  the  action  of 
the  brushes  on  the  commutators,  in  short  circuiting  the  syn- 
chronizing resistance,  will  keep  the  unison-unit   motor  in  syn- 
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Fig.  11 — Unison-unit  connections 


chronism  with  the  line-anit  motor.  It  is  of  course  not  nec- 
essary to  adjust  this  resistance  every  time  the  motor  is  started. 
This  resistance  is  set  for  any  speed  of  operation  once  for  all,  and 
the  motor  is  then  started  just  the  same  as  any  motor ;  i,e,  by  the 
use  of  a  starting  lever.  The  synchronism  takes  caie  of  itself. 
For  the  pui  pose  of  indicating  when  the  two  pieces  of  apparatus 
are  in  unison  a  unison  lamp  is  provided.  The  circuit  of  this 
lamp  is  completed  through  extra  rings  on  each  commutator. 
It  will  be  noted  by  reference  to  Fig.  13,  that  this  lamp  receives 
no  current  when  the  two  brushes  are  rotating  in  synchronism; 
but  if  the  synchronism  moves  the  distance  of  more  than  one 
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segment,  this  lamp  will  receive  an  intermittent  current  and  will 
thus  indicate  that  the  two  pieces  of  apparatus  are  not  in  unison. 
To  secure  a  uniform  rotation  of  the  print-unit  driving  shafts, 
a  mercury  damper  similar  in  action  to  that  on  the  line-unit 
motor,  is  provided  for  the  unison-unit  motor.  To  assist  further 
in  obtaining  as  nearly  as  possible  an  absolutely  uniform  rotation 
of  the  type- wheel  on  the  individual  printers,  so  that  the  type-wheel 
will  travel  at  all  points  in  its  revolution  a  fixed,  definite  distance 
between  the  time  when  the  impulse  is  received  by  the  print 
relay  and  the  time  when  the  platen  strikes  the  paper  against 
the  type- wheel,  and  thus  give  uniform  spacing  between  the 
letters,  each  type- wheel .  shaft  is  provided  with  a  fly-wheel ; 
and  the  driving  dog  on  the  end  of  the  shaft,  through  which  the 
motion  is  transmitted  to  the  shaft,  is  made  up  by  winding  a  flat 
steel  spring  into  a  spiral,  one  end  of  ^hich  is  fastened  rigidly  to 
the  shaft,  and  the  other  end  of  which  engages  the. driving  dog. 
The  spring  has  a  strip  of  heavy,  non-elastic  material  wound  with 
it,  the  action  of  which  prevents  rapid  oscillations  of  the  spring. 

Method  of  Construction  op  Apparatus 

The  Rowland  apparatus  is  divided  into  a  number  of  units  for 
convenience  of  manufacture  and  operation.  Any  unit  can  be 
quickly  removed  and  replaced  by  another  unit.  In  general  any 
machine  is  divided  into  three  units,  the  line  unit,  the  correspond- 
ence irnit,  and  the  imison-unit.  (See  Figs.  2, 3, 12,  and  13.)  The 
line  unit  comprises  the  current  generator,  sending,  receiving,  and 
home-recording  commutators,  synchronizing  device,  trarismitter 
and  main-line  relay  and  all  the  parts  directly  concerned  with  the 
line,  in  other  words  the  purely  telegraphic  parts  of  the  apparatus. 
The  correspondence  unit  comprises  the  keyboard,  home  recording 
printer,  and  receiving  printer ;  in  other  words,  a  duplex  electrical 
type-writer.  The  unison  unit  simply  serves  to  supply  power  to 
operate  the  correspondence  units;  it  may  be  dispensed  with  in 
case  of  small  installations,  as  they  can  be  operated  directly  by 
the  line,  or  a  separate  one  may  be  provided  for  each  correspondence 
unit  if  so  desired. 

Conclusion 

From  the  foregoing  discussion  of  the  telegraphic  situation  and 
the  description  of  the  Rowland  system,  it  has  probably  been 
understood  already  that  the  latter  is  constructed  essentially  to 
meet  the  demands  of  the  former.     A  brief  examination  of  the 
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adaptability  of  the  machine  to  the  situation,  however,  is  neces- 
sary in  order  to  appreciate  thoroughly  its  practical  utility  and 
efficiency. 

The  most  important  practical  requirements  of  the  telegraphic 
service  are  accuracy  and  promptness.  These  factors,  in  a  great 
measure,  determine  for  the  telegraph  its  peculiar  field.  In  the 
Morse  system  the  presence  of  the  human  element  in  every 
operation  necessarily  introduces  corresponding  inaccuracies. 
In  the  Rowland  system  the  human  element  is  reduced  to  a  mini- 
mum by  keyboard  transmission  and  automatic  reception.     The 


Fig.  12. — Correspondence  unit,  sending  side  showing  keyboard  and  Home 

recorder. 


printed  local  record  before  the  Rowland  operator,  too,  shows 
what  has  been  transmitted,  and  furnishes  the  operator  an  im- 
mediate method  of  checking  the  message  sent.  The  octoplex 
wire  capacity  of  the  Rowland  and  direct  transmission  from 
typewriter  keyboards  with  direct  reception  in  printed  characters 
on  regular  telegraphic  blanks  ready  for  immediate  delivery  con- 
stitute the  best  possible  combination  to  insure  promptness. 
With  the  Morse  system,  particularly  in  wet  weather  when  the 
wire  capacity  is  reduced,  serious  delays  in  transmitting  telegrams 
often  occur  through  a  sudden  or  abnormal  accumulation  of 
business.     The  octoplex  wire  capacity  of  the  Rowland  system 


1907] 


POTTS:  ROWLAND  TELEGRAPH 


537 


in  all  weather  conditions  provides  a  greatly  increased  margin 
for  reducing  and  avoiding  such  delays. 

As  already  explained,  the  machine  demanded  by  the  tele- 
graphic field  must  give  greater  efficiency  to  the  operator  and  the 
wire  than  can  be  done  with  Morse  methods. 

The  efficiency  of  a  Rowland  operator  is  practically  double 
that  of  a  Morse  operator.  To  transmit  a  Morse  message,  two 
skilled  operators  are  necessary,  while  to  transmit  a  Rowland 
message  one  typist  is  necessary.  The  sole  requirement  that  the 
operator  shall  be  a  typist  and  able  to  transmit  a  message  in- 


FiG.  13. — Correspondence  unit,  receiving  side  showing  page-printer. 


telligently  greatly  broadens  the  labor  field  and  permits  the 
economies  incident  to  such  an  increased  supply. 

The  more  complete  utilization  of  the  wire  operated  by  the 
Rowland,  as  compared  with  the  Morse,  has  already  been  sug- 
gested. Under  weather  conditions  most  favorable  to  the  Morse, 
the  Rowland  wire  capacity  is  double  that  of  the  Morse,  while  in 
weather  unfavorable  to  the  Morse,  the  Rowland  wire  capacity  is 
triple  or  quadruple  that  of  the  Morse. 

As  features  of  the  Rowland  system  which  lend  themselves  to 
further  expansion  and  development  in  the  telegraphic  field,  it  is 
interesting  to  note  that  the  method  of  dividing  the  use  of  a 
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telegraph  wire  among  a  number  of  operators  provides  the 
fundamental  and  ideal  requisite  for  the  development  of  new 
and  improved  distributing  methods  for  the  general  service  and 
for  facilitating  and  expanding  the  pri^'ate  use  of  the  telegraph. 
Machine  methods  of  relaying,  more  accurate  and  efficient  in 
their  operation  than  Morse  methods  offer  further  promising 
fields  for  greater  efficiency. 

In  conclusion,  having  indicated  the  field  and  the  demand  for 
a  machine  telegraph  and  how  the  machine  under  consideration 
meets  the  conditions  imposed,  it  only  remains  to  suggest  that 
with  the  application  of  machines,  which  provide  for  the 
more  efficient  transmission  of  a  greatly  increased  business 
on  present  wire  systems,  and  the  further  developments  of  the 
possibilities  outlined,  it  is  not  unreasonable  to  expect  that  the 
telegraphic  service  directed  by  a  broad  policy  will  become  in  the 
near  future  hardly  second  in  its  unrestricted  use  and  importance 
to  the  post  office  itself. 

Note. — The  above  article  has  been  written  with  special  reference  to 
American  practice  and  in  particular  the  highly  developed  American  Morse 
methods  and  the  highly  skilled  American  operator.  Many  points  of 
difference  present  themselves  in  foreign  practice  It  is  possible  elsewhere 
to  use  much  smaller  values  of  received  current  than  here.  The  saving 
in  wires  becomes  much  greater  when  considered  with  reference  to  coun- 
tries making  use  of  other  methods  of  transmission. 
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Discussion  on  "  The  Rowland  Telegraphic   System/'  at 
New  York,  April  15,  1907. 

Ralph  W.  Pope:  First  I  wish  you  to  join  with  me  in  an  ex- 
pression of  our  appreciation  of  the  esteemed  privilege  of  having 
with  us  to-night  our  first  honorary  member,  and  I  may  say  one 
of  our  oldest  members,  Sir  William  Preece,  who  has  awarded 
to  us  the  distingxiished  honor  of  presiding  this  evening. 

When  undertaking  to  open  the  discussion  on  the  paper  this 
evening,  it  was  not  my  intention  to  go  into  the  technical  details 
of  this  very  remarkable  instrument  which  has  been  described 
in  the  paper  before  you.  My  first  opportunity  of  examining 
this  system  was  at  the  Paris  Exposition  in  1900,  where  it  was 
on  exhibition  only,  as  we  may  say.  On  Saturday  last  I  had 
aji  opportunity  to  examine  the  system  in  actual  commercial 
operation  between  New  York  and  Boston,  and  upon  one  of  the 
worst  days,  so  far  as  weather  is  concerned,  that  could  be  con- 
ceived, which  tended  to  reduce  the  speed,  not  only  of  this 
system,  but  of  any  other  system  of  telegraphy  with  which  we 
are  familiar. 

In  approaching  the  discussion  of  a  system  of  this  kind  I  wish 
to  say  we  should  first  divest  ourselves  of  the  prejudice  against 
the  Morse  telegraph,  which  exists  in  the  case  of  those  who  are 
not  practical  operators  and  familiar  with  the  code.  To  those 
who  have  practised  Morse  telegraphy,  some  of  those  things, 
which  appear  to  be  a  mystery  to  others,  are  like  an  open  book 
before  us.  I  may  say  in  explanation  of  my  position  on  this 
subject  that  I  learned  telegraphy  on  the  Hughes  printing  tele- 
graph forty-nine  years  ago.  I  might  make  it  fifty  years^  but 
I  would  not  lie  for  one  year.  I  learned  the  Morse  telegraph 
as  a  side  issue,  simply  as  a  man  might  pick  up  the  art  of  playing 
the  violin,  without  any  idea  that  the  Morse  system  would  even- 
tually prevail.  The  Hughes  printer,  which  was  new  at  that 
time,  was  invented  by  David  E.  Hughes,  a  musician  in  Kentucky, 
and  one  of  the  pair  which  I  first  operated  was  the  second 
then  in  use,  the  first,  I  think,  being  between  New  York 
and  Philadelphia,  and  the  second,  on  which  I  learned,  was  be- 
tween Great  Barrington  and  Pittsfield,  Mass.,  which  at  that 
time  was  an  unimportant  line.  The  contempt  for  the  Morse  and 
Bain  systems  which  were  in  operation  at  that  time  may  be 
well  expressed  by  the  terms  applied  to  them  by  the  printing 
operators.  The  Morse  was  called  the  "  woodpecker,"  and  the 
Bain  system  the  **dyetubs";  and  any  message  transmitted 
by  either  of  these  systems,  via  Springfield,  was  supposed  to  be 
**bulled",  as  the  only  system  which  was  known  to  be  "  accurate 
and  reliable  "  was  the  House  printer,  on  which  the  Hughes 
was  afterwards  grafted.  In  those  days,  when  an  inventor 
brought  out  a  new  system  a  company  was  organized  to  exploit 
it.  Consequently  we  had  in  the  old  times  the  magnetic,  the 
House,  and  the  Bain  telegraphs.  The  House  printing  tele- 
graph, the  invention  of  Royal  E.   House,  was  a  triumph   of 
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electromechanical  skill.  It  is  true  that  between  New  York  and 
Boston  it  could  not  be  worked  through,  on  account  of  the  rapid- 
ity of  the  vibrations,  and  consequently  the  Hughes  printer, 
reqviiring  but  one  pulsation  to  each  letter,  was  preferred  to 
the  House  and  eventually  superseded  it  I  am  giving  these 
instances  of  the  situation  at  that  time. 

Now,  there  is  no  doubt  about  the  speed  of  the  Morse,  the 
House,  or  the  Hughes,  so  far  as  a  single  wire  was  concerned. 
The  House  was  perhaps  the  fastest,  the  Hughes  next,  and  the 
Morse  last.  Eventually  there  came  about  a  consolidation,  and 
the  House  printer  was  displaced ,  the  Hughes  system  was  trans- 
formed by  the  late  George  M.  Phelps  into  the  ** combination'' 
printer,  and  subsequently  into  the  "motor"  printer  and  was  in 
actual  operation  up  to  within  a  few  years  ago.  It  was  du- 
plexed, and  I  might  say,  although  I  will  come  to  it  later,  that 
the  expert  operators  on  the  Phelps  printer,  between  New  York 
and  Boston,  and  New  York,  Philadelphia,  and  Washington, 
were  the  highest  paid  in  the  telegraphic  operating  department, 
so  that  we  may  cast  aside  for  the  moment  the  idea  that  because 
the  letters  are  on  the  keys,  any  fool  can  be  an  expert  operator. 

The  telegraph  is  the  oldest,  and  I  will  also  say  the  most  im- 
portant development  of  the  modem  applications  of  electricity, 
The  electric  light  has  its  rival  in  gas,  the  electric  railway 
has  its  rival  in  steam,  and  the  telephone  is  applicable  only  to 
comparatively  short -distance  transmission:  but,  for  world-wide 
commiuiication,  for  the  general  distribution  of  intelligence,  and 
that  application  of  electricity  which  would  be  the  last  we  would 
part  with,  telegraphy  stands  at  the  head 

The  Morse  system,  as  it  is  known  to  those  who  operate  it. 
may  be  used  under  the  most  adverse  conditions.  Prior  to  the 
expiration  of  the  Morse  patents,  which  covered  the  application 
of  the  local  circviit  and  the  sounder,  the  opposition  companies 
were  obliged  to  use  simply  the  relay  without  the  sounder,  so 
that  we  had  to  read  from  very  faint  sounds.  On  one  occa- 
sion I  was  visited  in  Exchange  Place  by  an  operator  from  the  old 
American  office  it  was  a  wet  day.  and  I  had  my  relay 
screwed  down  so  that  the  sound  of  it  was  like  the  ticking  of  a 
watch.  The  office  was  about  one-quarter  the  size  of  this  stage, 
and  the  relay  began  to  tick,  and  I  said,  **  I  am  busy.'  He 
asked,  "What  are  you  doing?"  I  replied.  "I  am  receiving 
from  Boston.''  That  was  a  fact:  I  was  receiving  on  that  relay 
without  the  local  sounder  and  he  although  only  four  feet  away, 
could  not  hear  a  sound  It  might  be  assumed  I  was  guessing 
at  it,  but  I  was  actually  reading  it. 

I  am  rather  wandering  over  the  subject,  but  I  am  bringing 
up  the  conditions  that  existed  in  regard  to  the  Morse  telegraph 
and  why  it  prev^ails  to-day  In  1868  I  was  quartered  in  the 
Gold  Room  at  the  time  of  the  "  Black  Friday  "  panic.  The  corre- 
spondent at  the  Boston  or  Philadelphia  exchange  was  right 
at  the  counter.     Assuming  this  platform  as  the  exchange,  the 
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operator,  if  he  had  a  message,  would  call  out  for  the  man  for 
whom  the  message  was  intended,  and  he  would  come  to  the 
counter  for  his  telegram.  I  have  sent  a  message  to  Boston, 
and  received  a  reply  and  delivered  it  to  the  original  sender  of 
the  message,  before  the  ink  on  the  original  was  dry,  probably 
in  the  course  of  a  minute.  Now,  leading  up  to  the  instrument 
which  we-have  under  discussion  this  evening,  I  made  a  similar 
test  with  Dr.  Sheldon,  who  was  with  me  last  Saturday;  I  sent 
a  telegram  to  Boston,  to  be  repeated  back  to  New  York  and 
delivered  to  Dr.  Sheldon,  who  was  at  my  side.  I  handed  him 
the  following  message  in  the  course  of  regular  business:  *'  Samuel 
Sheldon,  Boston — I  will  arrange  Monday  morning  for  payment 
suggested,  and  will  adjust  the  matter  with  Mr.  Carty  as  soon 
as  possible.  R.  W.  Pope."  The  message  was  delivered  back 
into  my  hands,  in  printed  form,  having  been  sent  from  New 
York  to  Boston  and  returned  from  Boston  to  New  York,  in 
five  minutes.  As  a  practical  demonstration,  I  am  quite  satisfied 
with  that,  for  the  reason  that  my  reply  was  sandwiched  in  with 
other  commercial  messages  received  in  the  ordinary  course  of 
business,  and  I  wish  to  say,  as  the  result  of  our  investigation, 
that  four  operators  were  sending  to  Boston  over  one  wire,  and 
the  messages  were  coming  in  over  the  same  wire  on  the  four  in- 
struments from  the  Boston  end.  I  consider  this  a  very  satis- 
factory showing. 

There  is  a  weaker  point  in  the  telegraph  service  than  the  sim- 
ple transmission  of  messages,  and  that  is  the  question  of  delivery 
after  the  message  is  received.  In  my  earlier  days,  when  I  received 
a  message,  I  used  to  close  the  office  for  a  half  hour,  during  which 
time  I  went  out  to  deliver  it.  I  have  also  known  of  cases  when 
one  messenger  was  in  the  office,  when  two  messages  were  received, 
one  message  to  go  a  mile  in  one  direction,  the  other  a  mile  in  the 
opposite  direction,  and  the  question  was  which  of  the  two  mes- 
sages should  be  delivered  first.  That  leads  up  to  another  point, 
and  that  is  the  classification  of  service. 

We  have  heard  from  the  advocates  of  the  telegraphic  system, 
that  all  messages  should  be  sent  and  delivered  in  the  order  of  their 
reception,  which  is  well  known  to  be  practically  impossible.  In 
the  first  place,  the  ordinary  customer  hands  in  his  message  over 
the  counter,  and  it  may  go  to  a  distant  point  over  one  out  of  per- 
haps ten  or  a  dozen  wires.  If  he  happens  to  be  a  broker  at  the 
exchange,  it  may  go  over  a  special  wire  and  be  delivered  in  the 
course  of  a  few  minutes,  while,  if  it  goes  in  the  ordinary  course  of 
business  over  a  busy  wire,  the  sender  will  be  lucky  if  it  is  delivered 
in  an  hour.  So  that  there  are  some  things  to  be  considered  in 
regard  to  telegraphing  outside  of  the  transmission  of  messages. 

Reverting  to  the  system  we  ha^e  under  discussion,  we  must 
understand  that  it  applies  in  the  main,  as  most  of  these  systems 
do,  that  is,  the  machine  or  automatic  systems,  to  the  trunk  line 
business,  or  business  between  any  two  large  cities,  where  the 
volume  of  business  is  such  that  apparatus  of  this  kind  can  be 
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installed  and  kept  in  continuous  operation.  It  appears  to  me 
that  the  general  use  of  the  Morse  telegraph  is  due  to  its  simplicity, 
low  cost  of  operation,  and  its  application  to  all  conditions. 

As  I  was  saying  in  regard  to  my  learning  the  Morse  system  as  a 
side  issue ;  after  learning  to  read  by  sound,  if  the  Hughes  printer 
broke  down  we  could  send  or  receive  a  telegram  through  the 
bell  on  the  side,  using  the  Morse  code.  The  Hughes  printer 
was  based  on  synchronism.  The  instruments  at  each  end  of 
the  wire  were  required  to  be  in  almost  absolute  synchronism. 
If  they  varied,  one  of  them  **  threw  out,''  as  we  called  it,  and 
had  to  be  put  in  unison  and  started  up  again.  There  was  a 
very  peculiar  instance  of  the  necessity  of  that  unison  that  oc- 
curred to  me  at  the  time  I  learned  the  business,  and  that  was 
on  the  occasion  of  the  first  message  over  the  original  Atlantic 
cable  in  1858.  My  brother,  who  was  my  superior,  had  gone 
away  for  a  day.  I  was  on  duty,  and  the  station  twenty-five 
miles  north  had  been  endeavoring  for  two  hours  to  send  me  a 
communication  which  I  could  not  receive  on  the  Hughes  printer. 
When  the  train  arrived  the  newsboy  on  board  set  off  a  pack  of 
fire  crackers.  I  inquired  what  was  up,  and  was  told  that  the 
Atlantic  cable  was  a  success.  My  brother  was  on  the  train. 
He  came  into  the  office,  and  I  told  him  what  I  had  been  doing; 
that  the  office  twenty-five  miles  away  had  been  trying  to  send 
something  to  me  for  nearly  two  hours,  and  that  the  printer 
continually  **  threw  out.''  He  looked  at  the  machine,  and  took 
a  hammer  and  knocked  along  the  brake  governor  on  the  shaft 
about  A  of  an  inch.  The  brake  had  sWfted  about  ^  of  an 
inch  on  the  shaft  and  did  not  strike  in  the  center  of  the  wheel; 
that  was  all  the  trouble.     The  machine  was  not  qxiite  fool-proof. 

In  closing,  I  call  attention  to  the  author's  statement  that: 
**  In  practical  opei-ation  it  has  continuously  demonstrated  its 
efficiency  in  dispatching  an  enormous  volume  of  business  with 
regularity  and  accuracy  on  a  single  wire,  while  the  operators 
employed  have  been  not  necessarily  skilled  in  the  use  of  the 
Morse  code.".  That  is  quite  true.  They  do  not  need  to  know 
how  to  fiddle  or  to  play  a  snare  drum,  but  all  the  same  it  is  a 
fact  that  the  Morse  operator  who  is  trained  and  familiar  with 
the  business,  if  he  or  she  has  learned  the  Morse  code,  they  are 
adapted  to  telegraph  work.  So  I  find  as  a  matter  of  fact, 
that  the  best  operators,  even  the  best  operators  to  work 
a  keyboard,  are  those  who  are  trained  in  the  telegraph 
service  and  have  that  intuition  or  familiarity  with  the 
business  which  makes  them  valuable  employees.  Conse- 
quently, while  it  is  quite  proper  that  they  should  be  trained 
to  do  special  work,  in  the  ordinary  office  it  is  better  to  have 
the  force  interchangeable,  and  if  there  are  Morse  operators  who 
are  capable  of  operating  the  printer  system,  and  operators  of 
the  printer  system  who  are  capable  of  operating  the  Morse 
system,  the  interchangeability  of  that  force  becomes  a  rather 
substantial  consideration  in  the  office  organization ;  and  I  might 
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go  further  and  say  that,  while  it  is  no  doubt  advantageous  and 
economical  to  install  a  system  which  will  convey  a  larger  num- 
ber of  messages  over  a  wire,  it  is  still  desirable  that  the  systems 
should  be  interchangeable,  that  the.  simplicity  of  the  Morse 
will  persist,  and,  while  it  is  true  that  the  Morse  telegraph  has 
not  been  improved  for  many  years  so  far  as  the  operator  is 
concerned  and  so  far  as  the  public  is  concerned,  it  has  been  im- 
proved so  far  as  the  company  is  concerned  in  regard  to  the 
greater  earning  capacity  and  by  the  use  of  the  typewriter 
which  has  enal^led  the  telegraph  operator  to  receive  at  a  higher 
rate  than  the  sending  operator  can  send  the  messages. 

The  speed  of  the  Rowland  system,  and  in  fact  all  the  claims 
set  forth  in  this  paper  so  ics  as  the  speed  is  concerned  and  in 
comparison  with  the  Morse,  I  consider  well  substantiated.  The 
speed  of  forty  words  a  miiir.te  can  be  attained  by  a  Morse  op- 
erator, but  it  still  remains  to  be  seen  whether  we  can  develop 
a  system  which  will  send  messages  four  in  each  direction  at  that 
rate  ready  for  delivery,  which  is  320  words  a  minute  over 
a  single  wire.  The  advantage  of  the  delivery  ot  messages  in 
page  form  over  the  old  tape  printing  system  I  consider  is  very 
desirable,  and  I  am  glad  to  know  that  the  Rowland  printer  has 
reached  its  present  state  of  perfection.  I  can  hardly  believe 
that  the  distingtiished  inventor  would  have  asked  that  any 
better  montmient  to  his  memory  could  be  erected  than  the  es- 
tablishment and  the  continuation  of  a  system  bearing  his 
name,  and  it  is  my  hope  that  it  may  be  continued  and  in  the 
future  be  on  an  equality  with  the  Morse  telegraph  of  to-day. 

A.  E.  Kennelly:  It  is  remarkable  that,  although  electrical 
applications  have  developed  so  rapidly  and  assumed  so  important 
a  position  in  this  and  other  countries,  the  electric  telegraph  has 
almost  stood  still.  In  fact,  some  say  that  it  has  not  even 
marked  time.  A  few  years  ago,  in  New  York  City  one  could 
pass  through  the  main  telegraph  office  and  see  a  few  printing 
telegraphs.  One  might  have  seen  a  ntunber  of  automatic 
Wheatstone  instruments,  very  likely  a  ntmiber  of  quadruplex 
sets.  I  think  I  am  correct  in  saying  there  are  now  no  printing 
telegraphs  remaining  except  the  recent  ones  of  the  system  de- 
scribed here  and  one  other  new  system ;  that  there  are  no  Wheat- 
stone  automatic  sets,  and  that  there  are  fewer  quadruplex  p<»ts 
than  there  used  to  be.  We  are  struck  by  the  contrast  between 
this  apparent  want  of  progress  in  telegraphy  and  the  progress 
which  has  made  itself  felt  in  other  lines  of  electrical  advancement. 
It  is,  howev*er,  much  easier  to  criticize  destructively  than  con- 
structively, and  there  are  a  number  of  influences  which  have 
been  active  in  this  country  and  elsewhere  to  account,  in  part 
at  least,  for  this  apparent  want  of  progress. 

First  of  all,  the  telegraph  is  the  only  apparatus  which  has  main- 
tained its  original  ground  and  kept  on  the  earth.  Everything  else 
electrical  has  been  driven  off  the  earth.  Telephones  have  been 
driven  off  the  earth,  to  take  shelter  in  metallic  circuits.     Even  so 
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be  noted,  is  the  maximum  capacity  of  the  system  when  operated 
as  an  octoplex  on  comparatively  short  overhead  wires.  On 
long  circiiits  this  capacity  will  be,  it  is  probable,  materially 
reduced. 

There  seems  to  be  no  question  as  to  the  utility  of  the  Rowland 
system  on  the  comparatively  short  circuits  to  which  it  has  thus 
far  been  applied.  The  matter  of  general  reliability,  accuracy, 
and  cost  of  operation  of  the  system  are  probably  yet  to  be  de- 
termined. I  believe  Mr.  Murray  has  intimated  that  he  con- 
siders his  system  better  adapted  to  long  circtdts  than  to  short 
circtdts,  presumably  because  of  the  necessity  for  preparing  the 
messages  in  advance  for  transmission,  etc.  On  the  other  hand, 
it  is  possible  that  the  Rowland  system  may  find  its  best  field 
on  comparatively  short  lines. 

The  author  states  that  the  basis  of  the  telegraph  current  used 
in  this  system  is  an  alternating  current.  This  is  of  course  true, 
but  it  is  a  somewhat  singular  fact  that  the  actual  signaling 
currents  are  made  up  of  pulsations  of  continuous  or  one-direction 
currents.  This  is  evident  from  the  oscillograms.  The  accuracy 
of  this  remark  will  also  be  apparent  from  the  fact  that  if,  for 
example,  a  signal  is  to  be  made  by  normally  negative  impulses 
Nos.  2  and  4,  and  if  we  assume  that  the  impulse  before  impulse 
No.  2  was  a  normal  positive  impulse,  then  impulse  No.  2,  when 
it  is  reversed,  will  also  be  positive,  which  gives  the  desired  re- 
versal, so  called.  Similarly,  impulse  No.  4  will  be  preceded  by 
a  normal  positive  impulse.  Consequently,  when  impulse  No.  4 
is  reversed  it  will  be  followed  by  a  normal  positive  impulse. 
Therefore  in  this  and  numerous  other  combinations  for  signals, 
there  will  be  dve  successive  positive  or  negative  impulses. 
Hence  the  "  clearing  out  "  effects  of  alternating  currents  are 
not  fully  obtained.  The  currents  used  in  signaling  in  this 
system  are  indeed  virtually  akin  to  those  employed  in  submarine 
cable  signaling. 

The  author  states  that  the  current  strength  necessary  for  the 
operation  of  the  relays  of  the  Rowland  system  is  about  35 
milliamperes.  It  is  interesting  to  note  that  this  is  about  the 
current  strength  required  in  the  operation  of  the  ordinary 
Morse  duplex  and  quadruplex  relays. 

The  author  implies  that  the  presence  of  the  human  element 
in  the  Morse  system  introduces  corresponding  inaccuracies.  I 
have  the  honor  to  differ  somewhat  with  him  in  what  he  implies 
in  that  statement.  It  has  long  been  an  axiom  among  tele- 
graph managers  and  engineers  that  the  receiving  operator  of 
the  Morse  system  is  a  continual  check  upon  the  sending  operator. 
In  many  cases  in  actual  practice  the  receiving  operator  instantly 
detects  and  corrects  or  prevents  errors  of  the  sending  operator, 
as  well  as  the  errors  or  omissions  that  would  be  frequently 
caused  by  momentary  line  trouble,  and  which  no  mere  machine 
at  the  receiving  end  could  do. 

At  first  sight,  this  highly  ingenious  telegraph  system  may 
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appear  somewhat  complicated.  This  impression,  however,  wears 
off  with  a  clearer  knowledge  of  the  apparatus;  for  it  is  apparent 
that  the  seeming  complexity  is  due  more  to  the  necessary 
multiplication  of  the  parts  than  to  the  intricacy  of  the  system 
as  a  whole.  The  engineers  of  the  Rowland  system  are  to  be 
congratulated  on  the  success  they  have  thus  far  achieved. 
They  are  fortunate  in  now  having  the  system  in  operation  under 
practical  conditions,  where  its  defects,  if  any  remain,  will  become 
apparent  and  when  opportunities  for  further  development 
and  improvement  of  the  system  will  doubtless  be  found. 

Henry  G.  Stott:  In  reading  over  this  paper,  it  occurred  to 
me  with  a  great  deal  of  pleasure  that  to-night  I  was  to  take 
part  in  a  meeting  at  which  Sir  William  Preece  was  to  preside. 
I  experience  this  pleasure  largely  because  over  twenty  years 
ago,  when  I  studied  electricity  under  Professor  Andrew  Jamison, 
our  text-book  on  telegraphy  was  one  by  Preece  and  Sieveright. 
Now  we  come  to  the  fountain-head  for  more  information  on  the 
subject  of  telegraphy.  I  think  if  we  had  the  book  here  to-night 
it  would  be  found  that  very  little  has  been  written  into  the 
progress  of  the  art  since  that  volume  first  became  a  text-book. 

Several  of  the  public-service  corporations  have  recently  been 
forced  to  increase  their  rates.  No  board  of  directors  delib- 
erately sits  down  and  increases  the  rates  for  its  service  just  for 
the  pleasure  of  doing  so;  the  only  thing  that  prompts  them  to 
do  this  is  in  the  realization  of  a  grave  duty  to  the  stockholders. 
True,  the  cost  of  copper  has  gone  up  100  per  cent.,  and  the  cost 
of  labor  50  per  cent.,  in  the  last  ten  years.  But  why  is  it  that 
telegraph  rates  have  had  to  be  increased,  while  electric-light 
rates,  power  rates,  and  telephone  rates  have  all  gone  down? 

Some  time  ago  Mr.  Pope  called  to  my  attention  a  letter 
wMch  he  leceived  from  a  telegraph  engineer  in  the  West.  The 
letter  was  in  the  nature  of  a  complaint  against  the  Papers  Com- 
mittee, of  which  I  am  a  member,  and  said:  **  Why  do  you  have 
so  many  papers  on  lightning  arresters,  electric  railway  motors,' 
and  things  of  that  kind,  and  you  never  give  us  a  paper  on  tele- 
graphy?''   I  shall  try  to  answer  that  letter  here. 

Why  do  the  other  gentlemen,  who  present  elaborate  papers 
on  lightning-arresters,  railway  problems,  features  connected 
with  transmission  lines,  etc. — why  do  they  come  here  with  these 
papers?  Simply  to  get  the  benefit  of  the  criticism  and  com- 
ment of  their  co-workers  in  these  fields.  How  many  papers 
have  we  had  presented  on  telegraph  subjects  in  the  last  ten 
years?  I  think  this  is  the  first  one  that  I  can  recall;  but  I 
trust  that  it  is  only  the  precursor  of  many  equally  important 
papers,  that  the  period  of  stagnation  in  the  development 
of  telegraphy  is  at  last  at  an  end,  and  that  the  rapid  develop- 
ment by  our  members  of  automatic  apparatus,  such  as  that 
described  in  to-day's  paper,  will  enable  our  telegraphic  compan- 
ies to  progress  as  rapidly  as  the  other  electrical  industries. 

E.  F.  Northrup:  I  have  in  hand  a  small  piece  of  paper  which 
speaks  of  the  human  side  of  the  development  of  this  system  of 
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telegraphy.  I  am  reminded  that  it  will  be  six  years  to-morrow 
morning  since  Professor  Rowland  died.  Mr.  Maver  said  this 
evening  that  he  wondered  why  Professor  Rowland  turned  his 
attention  to  telegraphy.  I  think  I  can  answer  that  question, 
for  I  was  with  Professor  Rowland  at  the  time  that  he  began  to 
be  interested  in  this  telegraph.  I  acted  as  his  assistant  in  its 
development  for  three  years  previous  to  his  death  and  I  had 
the  exceptional  pleasure  of  spending  two  weeks  with  him  at  his 
cottage  at  Seal  Harbor,  Maine,  and  there  heard  from  him  why 
he  devoted  himself  to  the  development  of  his  telegraph  system. 
He  had  a  disease  which  he  knew  would  probably  be  fatal  and 
he  could  not  get  a  life  insurance.  He  told  me  he  had  many 
problems  in  physics  of  the  highest  importance  that  he  would 
love  to  work  out,  but  that  he  felt  that  it  was  his  duty  to  try 
to  leave  his  family  a  heritage  that  would  have  a  monetary  value. 
He  was  the  most  courageous  man  that  I  ever  have  known.  He 
worked  on  his  telegraph  almost  to  the  day  before  his  death, 
as  this  paper  will  attest.  Three  days  before  his  death  I  received 
this  note  written  by  him  on  his  sick  bed: 

Putin  patent  condenser,  also  coils;  duplex  of  many  lines  so  as  not 
to  interfere  with  each  other.  You  do  not  know  this;  come  and  learn. 
H.  A.  R. 

I  went  to  his  house  and  got  his  instructions  while  he  was  on 
his  sick  bed. 

I  worked  on  the  telegraph  for  a  year  after  his  death,  but  I  cannot 
take  time  to  speak  at  length  regarding  the  technical  features 
of  this  system  with  which,  at  one  time,  I  was  very  familiar. 
I  may  say,  however,  that  the  system  is  peculiar  in  this  respect, 
that  it  is  a  kinetic  system  as  distingtiished  from  a  static  system. 
I  mean  by  this  that  normally  current  is  passing  over  the  line  at 
all  times  and  not  at  a  time  only  when  a  signal  is  being  sent. 
The  system  presents,  however,  this  paradox:  that  when  a  signal 
is  being  sent  at  the  same  instant  from  opposite  ends  of  a  du- 
plexed line,  there  is  at  that  instant  no  current  on  the  line. 
The  signal  is  made  by  stopping  the  vibrating  tongue  of  a  relay, 
while  in  most  other  systems  a  signal  causes  a  relay  tongue  to 
move. 

One  feature,  not  spoken  of  to-night,  is  the  immense  flexibility 
of  the  system  in  the  matter  of  the  distribution  of  the  lines 
and  messages.  Professor  Rowland  laid  the  foundations  of 
innumerable  methods  for  the  distribution  of  the  messages  which 
the  flexibility  of  the  alternating  current  admits. 

Gano  Dunn:  It  is  some  years  since  I  used  to  pound  a  key, 
but  I  love  it  still  and  trust  I  may  be  pardoned  a  tribute  of 
affection  to  the  telegraph  business,  because  the  telegraph  busi- 
ness opened  to  me  the  door  of  a  college  education  and  an  elec- 
trical career.  It  took  me  from  a  dingy  office  haunted  by  mes- 
senger boys  to  this  glorious  building  which  speaks  a  develop- 
ment of  the  electrical  industry  far  beyond  the  dreams  of  the 
early  telegrapher.     The  old  Morse  systems  had  in  their  ranks 
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nearly  all  the  men  who  later  started  this  electrical  development 
and  I  feel  proud  that  I  am,  as  it  were,  a  member  of  the  old 
union.  It  is  fitting  that  this  first  evening  of  the  week  of  ded- 
icatory exercises  should  be  devoted  to  a  telegraph  meeting. 

If  th'e  paper  presented  to-night  were  read  by  the  general 
public,  especially  the  paragraph  which  rates  the  capacity  of  the 
new  system  at  600  messages  per  hour,  the  public  would  be  in- 
clined immediately  to  ask  Mr.  Clowry,  who  in  the  newspapers 
a  few  days  ago  explained  the  increase  in  rates  of  our  large  tele- 
graph companies,  how  long  it  will  be  before  these  rates  shall 
be  again  reduced  to  a  very  small  amount,  in  view  of  the  enor- 
mous difference  between  600  messages  per  hour  per  wire  and  17 
messages  per  hour  which  he  referred  to.  If  not  qualified,  this 
paper  would  give  the  public  a  false  impression.  It  is  not  the 
capacity  for  transmission  that  limits  the  telegraph  business 
to-day,  for  actual  transmission  is  the  least  part  of  all  the  busi- 
ness involved  in  the  receipt  and  delivery  of  messages.  The 
Rowland  system,  beautiful  as  it  is,  a  system  which  I  believe 
will  come  into  large  use,  is,  after  all,  applicable  only  to  trunk 
lines  between  large  cities,  to  places  where  there  are  experts  to 
watch  it  and  places  where  its  use  will  be  justified  by  the  voliune 
of  business. 

I  doubt  if  the  Rowland  system  will  ever  drive  out  the  old 
instruments.  Their  simplicity  and  reliability  have  won  for 
them  their  present  place.  The  fact  that  we  still  have  them 
testifies  eloquently  to  their  fitness.  It  does  not  testify  to  stag- 
nation in  the  technical  development  of  telegraph  systems. 

In  the  Rowland  system  the  typist  takes  the  place  of  the 
operator,  but  the  typist  is  seldom  qualified  to  rearrange  dam- 
aged or  displaced  parts;  and  these  things  happen  sometimes 
in  a  telegraph  office  when  the  manager's  back  is  turned,  for 
boys  occasionally  throw  ink-wells  that  put  the  apparatus  out  of 
business.  I  have  seen  150-ohm  relays  and  the  rest  of  the  ac- 
companying Morse  outfit  unmindful  for  years  of  everything 
that  was  thrown  at  them. 

The  grounds  for  the  statements  I  made  of  the  limited  field 
to  which  the  Rowland  system  may  look  forward  are  in  the 
proportion  already  existing  between  quadruplexes  and  single 
Unes.  Roughly  speaking,  there  are  30,000  offices  in  this  country. 
Notwithstanding  the  fact  that  the  quadruplex  is  cheap  and  yet 
increases  the  wire  capacity  nearly  four  times,  I  doubt  if  there 
are  3000  quadruplexes  in  use.  If  there  were  the  great  demand 
for  increased  wire  capacity,  which  the  advocates  of  the  machine- 
telegraph  and  multiplex  systems  generally  take  as  their  starting 
point,  we  should  see  more  quadruplexes.  The  proportion 
mentioned  indicates  the  balance  between  the  advantages  gained 
by  their  introduction  and  the  accompanying  disadvantages 
of  inflexibility  and  complications. 

Although  the  Rowland  system  increases  the  wire  capacity 
eight  times  that  of  a  single  wire,  and  claims  an  increase  in  oper- 
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ator  capacity  about  three  times,  and  makes  further  claim  to 
increase  in  operator  capacity  by  not  requiring  a  receiving 
operator  (although  making  no  allowance  for  the  slalled  mechani- 
cian that  would  be  needed)  I  beheve  that  these  great  advantages 
will  be  almost  counterbalanced  by  the  enormous  complication 
of  the  apparatus.  If  Mr.  KipUng  should  write  up  the  tele- 
graph business,  the  Rowland  system  is  what  he  would  call  an 
eight-day  clock. 

I  think  the  success  of  the  Rowland  system  must  be  looked 
for  in  large  offices  where  there  are  trained  experts,  and  a  high 
degree  of  organization.  It  is  my  opinion  that  for  many  years 
to  come  ninety  per  cent,  of  the  chcks  we  shall  hear  over  the 
length  and  breadth  of  the  land  will  be  good  old  "Morse.'' 

Sir  William  Preece:  I  think  the  hour  has  arrived  when  we 
ha4  better  close  this  discussion,  but  it  will  afford  me  an  oppor- 
tunity to  play  the  same  role  that  Mr.  Pope  has  played  and  to  refer 
to  my  early  years  and  the  memories  of  the  past.  My  career  com- 
menced in  the  year  1852,  so  that  I  have  had  55  years'  experience, 
while  he  said  49;  he  was  afraid  to  say  50,  like  the  man  who 
shot  999  ducks  and  would  not  admit  that  he  had  shot  the 
thousandth.  Fifty-five  years'  experience  in  all  branches  of 
practical  telegraphy  gives  me  the  privilege  and  honor  of 
saying  that  I  have  had  something  to  do,  directly  or  indirectly, 
with  every  single  practical  application  of  electricity.  I  com- 
menced first  with  the  telegraph,  and  my  heart  still  goes  out  to 
the  telegraph.  In  my  early  days  I  was  brought  into  contact 
with  Faraday — I  believe  I  am  to-day  the  only  living  pupil  of 
Mr.  Faraday.  My  early  acquaintance  with  Dr.  Kennelly  was 
in  poring  over  Faraday's  Researches.  In  1853  we  laid  down 
underground  wires  between  London,  Liverpool,  and  Manchester, 
212  miles  long,  and  we  had  serious  effects  due  to  static  induction. 
We  did  not  tmderstand  it.  We  called  in  Faraday  and  Sir 
George  Wren,  who  was  then  the  Astronomer  Royal,  and  I 
worked  with  these  two  great  philosophers  for  many  months 
and  carried  out  all  the  experiments  Faraday  wished  to  have 
carried  out.     I  still  have  some  of  the  records. 

The  first  automatic  system  of  telegraphing  was  that  invented 
by  Bain.  The  ctirrents  were  transmitted  through  punched 
paper,  and  marks  made  on  strips  of  paper  saturated  with  prus- 
siate  of  potash.  They  were  blue  marks,  and  I  have  many  of 
the  records  made  in  those  days  to  show  the  influence  of  static 
induction  in  retarding  and  in  elongating  the  currents  that  came 
out  at  the  distant  end  when  a  mere  dot  was  introduced  at  the  send- 
ing end.  Many  years  after  this,  my  first  acquaintance  with 
Edison  arose  from  his  coming  over  to  England  with  an  automatic 
system  based  on  this  chemical  recorder.  He  had  placed  at  his 
disposal  a  cable  coiled  in  one  of  the  tanks  in  the  cable  makers' 
works.  He  asked  me  what  I  thought  would  be  the  length  of  a 
dot  through  a  thousand  miles  of  cable.  I  had  in  my  mind  a 
thousand   miles  of   cable   laid    out    straight,  and   I  told  him 
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I  thought  a  dot  would  come  out  about  six  inches  long.  He 
said,  **  What  do  you  think  it  would  be  in  the  case  of  a  cable 
coiled  in  a  tank? "  I  said,  "  I  really  cannot  tell."  '*  Why," 
he  said,  "  I  wanted  to  know  what  the  length  of  that  dot  would  be ; 
and  when  that  dot  came  out,  what  do  you  think  it  was?  It  was 
28  feet  long!"  That  was  Edison's  experience  with  the  effects 
of  static  induction.  It  was  an  experience  of  great  service  to 
those  who  are  transmitting  currents  through  long  underground 
cables.  That  led  to  a  very  extensive  system  of  tmdei^ound 
cables,  and  no  doubt  we  shall  learn  a  good  deal  of  the  influence 
of  the  alternating  current  in  working  to  great  distances.  I  com- 
menced with  an  automatic  system  that  transmitted  1600  words  a 
minute.  It  was  competent  and  capable  of  transmitting  3000  words 
a  minute.  Why  didn't  we  use  it  ?  Because  there  was  no  business 
for  it.  This  question  of  automatic  versus  manual  telegraphy  is, 
after  all,  a  question  of  business,  a  question  of  the  number  of  words 
one  wants  to  transmit,  not  the  number  of  words  one  can  trans- 
mit. In  the  last  fifty  years  I  have  been  engaged  in  developing 
automatic  systems  of  all  kinds,  but  the  one  in  which  I  am  pecu- 
liarly interested  is  the  Wheatstone  system.  When  I  left  the 
post  office  service  in  1889  we  had  worked  up  the  Wheatstone 
system  so  that  it  would  give  660  words  a  minute  on  our  longest 
circuit.  We  did  not  want  650  words,  for  the  simple  reason  we 
did  not  have  660  words  a  minute  coming  in.  It  is  a  question 
of  the  messages  to  transmit,  and  those  having  practical  knowl- 
edge of  the  working  of  the  telegraph  system  know  this:  that 
in  the  telegraph  business  of  a  coimtry  there  is  a  curve  precisely 
similar  to  the  curve  we  know  so  well,  the  load  curve  of  the 
generating  station,  for  whatever  purpose  it  is  used.  Messages 
come  pouring  in  according  to  the  business  hours  of  the  day. 
In  England  we  have  a  peak  load  every  morning  between  11  and 
12  o'clock.  It  subsides  during  luncheon  hour,  and  comes  up 
again  in  the  afternoon.  In  England  there  is  only  one  time 
over  the  country,  here  in  America  there  are  four  times.  Eastern, 
Central,  Mountain,  and  Western,  and  consequently  there  are 
peaks  at  different  times  of  the  day.  There  is  three  hours  differ- 
ence between  San  Francisco  and  New  York;  the  result  is  the 
load  curve  for  business  in  this  country  is  different  from  the 
load  curve  in  England,  and  therefore  no  fair  comparison 
can  be  drawn  between  the  rate  at  which  the  messages  are  trans- 
mitted per  day  or  per  wire,  between  the  two  countries.  In  the 
last  analysis  what  is  wanted  is  the  very  best  system  that  will 
carry  the  work  through  to  the  best  advantage  of  those  who 
use  the  telegraph. 

I  discussed  this  question  some  years  ago  with  Dr.  Green 
when  he  was  president  of  the  Western  Union  Telegraph  Com- 
pany. This  is  my  fourth  visit  to  the  United  States,  and  when- 
ever I  come,  my  first  object  has  always  been  to  visit  the  two 
telegraph  companies  and  learn  what  progress  they  are  making. 
I  come  here  to  learn,  and,  if  I  see  things  done  in  a  manner  that 
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is  contrary  to  my  judgment,  I  do  not  hesitate  to  criticise  them; 
on  the  other  hand,  if  I  find  things  meritorious  and  worthy  of 
commendation,  I  adopt  them  on  the  other  side  and  give  full 
credit  to  those  who  have  produced  them  on  this  side  of  the 
water.  In  discussing  these  things  with  Dr.  Green,  he  said  to 
me,  in  the  decisive  manner  he  had,  **  In  this  country  time  is 
our  only  competitor."  What  he  meant  was,  that  the  time 
elapsing  between  the  moment  the  message  was  written  and 
the  moment  it  was  delivered,  was  the  time  they  wanted  to 
control,  that  was  the  only  thing  he  feared. 

In  England  I  think  we  have  the  automatic  system  in  a  state 
of  perfection.  I  do  not  think  there  is  any  system  that  will 
beat  the  Wheatstone  for  business  as  it  is.  It  may  be  that  if 
we  increase  our  load-curve  and  get  a  load-factor  for  the  whole 
day  of  50  or  60  or  70  per  cent.,  then  we  will  want  automatic 
systems.  At  the  present  time  there  is  no  real  need  in  our  part 
of  the  world — I  do  not  know  what  it  may  be  here — for  any 
automatic  system  which  will  send  more  than  200  or  300  words 
a  minute,  and  that  we  have.  It  may  be  that  the  business  will 
increase  and  necessitate  such  a  thing.  Automatic  work  is  essen- 
sential  and  absolutely  imperative  on  submarine  cables,  but 
submarine  cables  are  different  from  the  aerial  wires  we  use. 
There  is  a  great  distinction  between  telegrams  which  are  always 
short,  and  news  work  which  is  very  considerable  at  times. 
In  England  it  is  enormous.  In  England  our  news  business  is 
much  greater  than  in  this  country'.  We  are  all  in  a  compact 
little  island.  There  is  not  a  single  country  town  of  any  mag- 
nitude that  does  not  issue  an  evening  paper  full  of  news  sent 
by  automatic  telegraph,  and  there  we  find  that  400  words  a 
minute  is  ample  to  supply  all  the  newspapers  with  what  they 
want.  It  won't  come  in  any  quicker.  A  man  making  a  speech, 
who  wants  it  to  appear  in  the  next  morning's  paper,  does  not 
speak  over  110  to  120  words  a  minute.  I  am  not  speaking  to 
you  now  at  a  rate  of  more  than  110  words  a  minute,  and  if 
there  were  a  shorthand  writer  here  who  was  reporting  my  re- 
marks for  the  purpose  of  sending  them  to  Chicago,  for  instance, 
it  would  not  require  an  instrument  that  could  work  1500  words 
a  minute  to  send  110  words  a  minute.  I  want  to  point  out 
that  however  new  and  perfect  an  automatic  system  may  be— and 
I  must  say  this  is  a  beautiful  instrument— there  will  always 
be  some  features  concerning  it  which  may  not  be  entirely 
satisfactory.  I  had  a  good  deal  of  correspondence  with  Dr. 
Rowland  on  this  very  subject,  as  he  was  anxious  to  make  a 
start  in  England.  We  lost  him  too  early,  as  he  was  one  of  the 
most  brilliant  scientific  men  of  the  age.  His  work  will  live  for 
many  years. 

I  take  it  the  effect  of  the  discussion  to-night  has  really  been, 
not  to  bring  out  very  strongly  the  relative  merits  of  manual 
telegraphy  and  automatic  telegraphy;  but  it  has  raised  this  one 
question,  and  a  very  important  question,  and  that  is  the  value 
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of  labor  in  the  telegraph  service.  In  our  younger  days,  Mr. 
Pope  and  I,  when  we  used  the  key,  thought  ourselves  howling 
swells  because  we  could  not  only  send  messages,  but  we  could 
absolutely  and  instinctively  see  a  fault  or  errori  When  you 
are  at  your  instrument,  you  know  it  like  you  know  your  child 
or  wife.  The  instinctiveness  with  which  an  experienced  tele- 
graphist can  trace  a  fault  is  quite  wonderful.  "We  take  a 
great  deal  of  pride  in  our  knowledge,  but  it  has  this  great 
defect  in  our  country — it  has  caused  our  telegraphists  to 
suffer  from  that  complaint  which  is  generally  called  **  swelled 
head."  There  has  been  a  good  deal  of  trouble  over  there. 
The  tendency  has  been  to  develop  as  much  as  we  possibly  can 
these  automatic  systems  rather  than  to  bring  down  the  gentle- 
man whose  size  of  hat  increases  rather  too  frequently.  It  is 
rather  a  misfortune,  but  the  development  of  the  brain,  in  the 
great  growth  of  business,  is  one  of  those  things  which  cannot 
be  helped.  I  think  Mr.  Dunn  referred  to  the  complication  of 
these  systems.  That  of  Dr.  Rowland  is  a  combination  of 
others.  The  synchronism  was  invented  by  Hughes;  the  break- 
ing up  of  a  circle  into  several  divisions  transmitted  by  switch 
systems  was  invented  by  Bain.  It  was  tried  a  good  deal  and 
made  practicable  by  Baudot  in  Paris,  and  it  is  working  over 
submarine  cables  between  Paris  and  London  with  a  consider- 
able amount  of  success.  You  have  the  alternating  current  intro- 
duced by  Crehore  and  Bedell.  There  is  really  little  novelty  in 
the  principles  used,  but  there  is  considerable  ingentdty  shown 
in  the  mechanical  arrangements.  One  likes  to  see  a  good  thing 
worked  up  and  put  into  practice.  I  have  done  a  great  deal  in 
introducing  automatic  apparatus.  It  seems  that  we  all  want 
to  meet  the  views  of  Dr.  Green.  We  want  to  lick  time.  We 
can  only  do  that  by  having  means  to  transmit  a  message  as 
rapidly  as  possible  from  the  sending  end  to  the  receiving  end. 
The  conception  of  using  a  wire  for  many  circuits,  octuple,  as 
in  the  Rowland  system,  is  certainly  a  very  great  advantage. 
The  reason  why  the  quadruplex  has  not  grown  much  in  England — 
and  I  do  not  think  it  has  grown  much  in  this  country — is  because 
of  the  fault  that  it  **  throws  out,"  and  you  lose  the  advantage 
of  quadruplexing  with  four  circuits,  or  octuplexing  with  eight 
circuits.  Therefore,  a  fault  on  the  line  with  these  systems  is 
very  serious.  That  is  the  reason  why  there  is  a  tendency  to 
fall  back  on  the  duplex  method.  The  tendency  was  to  use 
copper  very  much  for  speed,  but  the  price  of  copper  has  gone 
up  so  much  it  has  rendered  that  practically  impossible. 

I  am  sorry  to  have  kept  you  so  long.  I  have  been  exceed- 
ingly interested  to-night  in  taking  part  in  this  discussion.  It 
has  been  one  of  the  principal  studies  of  my  life,  as  I  have  told 
you,  and  it  is  like  renewing  one's  childhood  almost,  to  come  back 
here  and  take  part  in  a  discussion  of  something  that  I  studied 
over  fifty  years  ago.  I  can  only  repeat  what  I  said,  that  my 
coming  to-night  has  been  a  soiu*ce  of  great  pleasiu*e  to  me.     I 
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come  here  and  meet  familiar  faces,  some  of  whom  I  meet  on 
the  other  side,  and  many  more,  perhaps,  that  I  meet  only  when 
I  come  here.  I  find  that  marine  architectm^e  has  done  much 
to  make  the  jowney  across  the  Atlantic  a  matter  of  luxury. 
Brittania  is  said  to  rule  the  waves,  but  marine  architecture 
to-day  rules  the  spirit  of  the  waves.  We  passed  through  three 
very  severe  gales.  We  never  had  the  fiddles  on  the  table,  and  I 
never  saw  a  sick  person  on  the  ship.  One  is  in  a  beautiful  palace 
for  five  or  six  days, — ^it  will  soon  be  four  and  a  half  days — 
from  Liverpool  to  New  York.  I  imagine  in  the  future  it  will 
be  a  simple  thing  for  a  man  to  come  from  England,  attend  one 
of  your  meetings,  and  the  next  day  take  a  steamer  back  home. 
There  is  one  thing  in  which  you  fellows  beat  us  horribly,  and 
that  is  in  your  delightful  hospitality.  It  is  not  mere  hospitality, 
it  is  not  the  fact  of  the  hospitality,  but  it  is  the  way  you  do  it. 
I  do  not  know  why  it  is,  cannot  tell  you,  but  I  assure  you  every 
time  I  cross  the  Atlantic  and  come  here  I  find  the  gentlemen 
treat  me  in  such  a  pleasant  way  that  if  I  am  spared  I  will  come 
over  again  as  soon  as  I  can  get  away.  I  again  thank  you  most 
heartily  for  all  the  courtesies  which  have  been  extended  to  me 
by  your  members. 


A  p4iptr  rtad  at  »  meeiing  0/  iht  Scktnecttuty 
Branch  •/  iht  American  InttituU  p/EUctrical 
Engineers,  A^il9^\Wi. 
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CONSTANTS  OF  CABLES  AND  MAGNETIC  CONDUCTORS 


BY  ERNST  J.  BERG 


In  the  paper  on  **  Line  Constants,  Etc.,"*  equations  were 
given  for  the  inductance  and  capacity  of  the  parallel  conductors 
used  in  transmission  lines.  The  formulas  given  were  sufficiently 
accurate  for  any  transmission  line  calcvdations  where  the  dis- 
tance between  wires  is  large  compared  with  their  diameters; 
where,  however,  the  diameters  are  comparable  with  the  dis- 
tance, as  is  often  the  case  with  cable  transmissions,  it  is  neces- 
sary to  use  the  strictly  theoretical  expression. 

In  looking  up  the  available  literature  on  this  subject,  one  is 
surprised  at  the  great  number  of  different  formulas  given. 
This  is  particularly  the  case  in  reference  to  the  inductance 
formula  which  generally  consists  of  two  terms,  one  of  which  is 
constant  and  is  usually  given  as  0.5,  0.75,  or  1;  the  other  a 
logarithmic  function,  also  variously  expressed. 

Frequently  the  constant  term  is*  left  out  altogether,  espe- 
cially in  formulas  pertaining  directly  to  standard  line  con- 
structions. 

To  clear  up  the  situation  the  following  deductions  are  made, 
and  a  discussion  added  to  show  when  the  approximate  fonnulas 
can  properly  be  used. 

A  and  B  in  Fig.  1  represent  a  couple  of  parallel  cylinders 
of  radius  r  and  distance  between  centres  D.  For  convenience 
in  reasoning  it  is  assumed  that  they  are  made  up  of  a  large  num- 
ber of  strands  or  elements. 

A  current  /  flowing  through  conductor  A  will  set  up  mag- 
netic fields  inside  of  the  conductor  and  in  the  surroimding 
space.     Consider  at  first  the  flux  inside  of  the  conductor. 

*Pjt0CBBDiN06,  A.  I.  £.  E.,  September,  1007,  p.  1409. 
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The  flux  per  unit  length  of  line  in  section  d  x^  is  due  to  the 

X  ' 

current  flowing  inside  of  zone  d  x^,  which  current  is  -^  /. 

X  ' 
Thus  the  magnetomotive  force  per  unit  is  —  I. 


2  TT  X, 

2x,  I 

The  field  intensity  is  4  ;r  X  magnetomotive  force  =  — -j— 

f* 

Therefore  the  flux  = — ^ — 


The  electromotive  force  corresponding  to  this  flux  =  Jfexflux 


m 


each  section  =    I     j^  x   ^^«  ^^^'  x  ~  ^  k  — 
Jo  ^  r^  2 


The  equiva- 

k  I 
lent  flux    corresponding    to    this    electromotive    force   is  -^,- 

=»  — ,    and    therefore    the    equivalent    inductance,    which    is 
flux  1 


current        2 ' 

The  flux  outside  of  the  conductor  is  found  in  a  similar  way. 

In  that  case  the  magnetomotive  force  per  unit  length  is  ^j 

Znx 

I  2/ 

the  field  intensity  4  tz  - — •  =  —  and  the  flux 
Ztz  X  X 

D-r 

D-r 


'-Jv 


M,  =    \-L  dx  =  2H!'lg{D-r)--lgr)    =27"/g- 

r 

The  total  flux  expressed  in  centimeter-gramme-second  imits 
is  therefore    M  =  ll2Hg ^~o}  ^^^   ^^®    inductance 

1.-  ^   -  z  ig      ^     +2 

Transfonning  this  equation  to  practical  units  and  expressing 
L  in  millihenrys  per  mile  of  conductor  we  get  ; 


.         161   /  .,    ,    D—r  ,    1  \ 
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In  transmission  lines  D  is  usually  large  compared  with  r,  so 
that  the  equation  may  be  written : 

161/^   ,     2D 


,      161/^  ,    2r>  .    i\ 


d    +    2. 

where  D  is  the  distance  between  centers  of  wires  and  d  their 
diameter. 

Determination  of  capacity  between  two  parallel  cylindrical  con- 
ductors.    Let  A  and  B  in  Fig.  2  represent  two  conductors  charged 
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,Fig.7/ 


Fig.  8 
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Flg.O 


with  a  certain  amoimt  of  electricity  Q,  A  being  positive +C 
and  B  negative—^- 

Around  each  of  these  conductors  is  a  field  of  stress,  gradually 
decreasing  towards  zero  potential  plane. 

The  total  field  emanating  from  A  is  in  Q,  thus  the  field  in- 
tensity of  an  element  at  any  distance  x  from  A  is  - — —  or  — ^ 

^7t  X  X 
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The  corresponding  field  intensity  due  to  the  charge  in  B  is— 

Tj—fh — ii  ""  — D—    '  ^  ^^^*  ^^^  resultant  static  field  intensity 
or  static  potential  is: 

20     ^20 


il|-e(4.^.) 


Consequently,  in  moving  the  element  from  the  plane  of  zero 
potential  to  the  surface  of  the  conductor  its  potential  rises 

J  2"  /I  1      \  D^r 

2Qdx  I  "^  -h^-x  I  which  integrated  is  2Q"/g  — — 

r 

The  capacity,  which  is  the  ratio  of  charge  to  potential  causing 
the  charge,  is  therefore 

Q  1 


C  = 


2o»/gj^      2«/g-?=r 


which  in  practical  imits  is: 

^  ^ 890  k 


where  C  is  microfarads  per  mile  of  conductor 

k  specific  inductive  capacity, 

D  distance  between  centers  of  wires, 

d  their  diameter. 

Ir  transmission  lines  where  K  =  1,  and  2D  is  large  compared 
with  d,  the  formula  can  sufficiently  accurately  be  written  as: 

c  =  — «^ 


wig^ 


Cables.  With  the  present  state  of  the  art  it  would  not  be 
conservative  to  use  a  cable  at  more  than  25,000  volts  between 
conductors,  although  it  is  to  be  expected  that  at  least  with 
rubber-covered  cables,  or  cables  with  insulation  of  gradually 
decreasing  specific  inductive  capacity,  a  higher  voltage  can  finally 
be  used. 

At  present  time  essentially,  or  almost  entirely,  two  kinds  of 
caHes  are  used,  one  having  paper  insulation  and  the  other 
nibber  insulation,  both  being  covered  with  lead. 
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Although  the  dielectric  strength  of  paper  is  considerably  less 
than  that  of  rubber  and  therefore  more  insulation  is  needed  due 
to  the  lesser  cost,  it  is  almost  entirely  used,  and  no  doubt  will 
remain  so  until  cables  for  higher  voltages  are  required. 

It  is  almost  impossible  to  give  a  general  rule  for  the  safe  current 
capacity  of  a  cable,  since  it  depends  largely  upon  what  kind  of 
conduit  is  used,  the  relative  amount  of  insulation,  etc.  Perhaps 
0.025  watts  per  square  inch  radiating  surface  (outside)  is  as 
fair  approximation  as  can  be  made.  When,  however,  the  cable 
is  laid  directly  in  soil,  50%  more  current  can  be  carried,  and  when 
placed  in  water  100%  more  current  seems  safe.  This  last  case 
corresponding  to  0.1  watt  per  square  inch.  The  actual  rise  in 
temperature  in  the  conductor  is  then  about  30°  cent. 

On  account  of  skin  effect  it  is  not  desirable  to  use  a  conductor 
larger  than  about  1  in.  in  diameter  in  60-cycle  circuits,  and  one 
of  1.5  in.  diameter  in  25-cycle  circtiits,  in  which  case  the  effective 
resistance  is  about  10%  greater  than  the  ohmic  resistance.  The 
fact  that  the  conductor  is  made  up  of  a  ntunber  of  small  wires 
does  not  materially  lessen  the  skin  effect,  since  the  individual 
strands  are  not  thoroughly  intermixed,  but  each  remains  at  the 
same  distance  from  the  center  at  all  times. 

There  is,  however,  for  given  outside  diameter  of  the  cable  as 
compared  with  the  outside  diameter  of  the  solid  conductor,  a 
slightly  lesser  skin  effect  in  the  case  of  the  cable,  due  to  the 
higher  specific  resistance  of  the  cable,  when  considering  the 
total  cross-section. 

In  other  words,  there  is  less  conductivity  for  a  given  area  of 
cable  than  in  the  same  area  of  solid  conductor,  and  since  the 
skin  effect  depends  upon  the  resistance  per  given  area  the  skin 
effect  must  be  reduced.  The  theoretical  equations  governing 
this  phenomena  are  extremely  complicated  and  are  therefore 
omitted. 

The  inductance  and  capacity  equations  deduced  apply  directly 
a3  long  as  all  conductors  belonging  to  the  same  circuit  are  in  the 
same  conduit  or  cable.  If,  however,  that  is  not  the  case,  but  as 
in  a  single-conductor  cable  independent  cables  are  used  for  the 
outgoing  and  incoming  conductors  **  effective  **  values  have  to 
be  calculated. 

In  the  preceding  were  given  the  inductance  and  capacity 
formula  for  two  parallel  cylindrical  conductors.  In  dealing 
with  cables  we  require  to  consider  the  inductance  and  capacity 
between  concentric  conductors,  such  as  single  conductor  in  lead- 
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covered  cable  where  current  is  permitted  to  flow  in  the  lead  or 
concentric  conductors  in  general.  In  that  case  the  equations 
become 

770  ife 


10^  »%g  -J 

Where  L  and  C  are  respectively  inductance  in  millihenrys  and 
capacity  in  microfarads  per  mile  of  conductor.  Thus  in  a  con- 
centric single-phase  cable  in  0.5  mile  of  length  of  cable  or  in  a 
three-phase  cable  in  1  mile  of  length. 

Effect  of  grounded  lead  covering  of  single-conductor  cables.  The 
lead  covering  obviously  acts  as  a  short-circuited  secondary  to 
the  electromotive  force  induced  by  the  reactance  of  the  line. 
It  consumes  some  of  the  electromotive  force,  therefore  reduces 
the  inductive  drop  but  increases  the  ohmic  loss  due  to  the  cur- 
rents in  the  lead. 

In  calculating  the  phenomenon  we  will  substitute  for  the  line 
the  primary  of  a  transformer  of  same  resistance  as  the  line  and 
with  a  magnetizing  current  the  same  as  the  line  current  at  the 
voltage  correspon^ding  to  the  reactance  electromotive  force. 

The  reactance  of  the  primary  in  this  equivalent  transformer 
is  caused  by  the  flux  between  lead  covering  and  the  conductor 
and  is  therefore  as  a  rule  quite  small. 

The  secondary  resistance  corresponds  to  the  resistance  of  the 
lead  (which  for  given  cross  section  is  14  times  that  of  copper), 
the  reactance  is  the  same  as  that  of  the  primary. 

We  can  therefore  diagramatically  show  these  circuits  -as  in 
Fig.  4. 

The  lead  covering  being  grounded  acts  as  a  sheet  of  metal 
surrounding  the  conductor  in  inductive  relation  to  the  primary. 

Or  as  in  Fig.  5,  where  the  line  resistance  and  reactance  are 
assumed  as  concentrated  in  a  transformer. 

Or  finally  as  in  Fig.  6,  as  a  combination  of  inductive  circuits 
with  the  proper  transformer  constants. 

Let  e  =  line  voltage. 

Z  =  R—j  X  =  load  impedance. 
z  =«  r—j  X  =  primary  impedance. 
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where  r  =  line  resistance. 

X  =  reactance  between  conductor  and  lead. 
Zi  =  Tj— ;  ^1  =  secondary  impedance, 
where  r^  =  resistance  of   lead    covering  (For  the  same  cross- 
section  14  times  that  of  copper.) 

Yf^  =  primary  admittance  =  j  b  where 


/)  is  -FT    =     —  or  Ffl  =  — 

^Q  =  line  reactance  if  no  lead  covering  existed  and  a  conductor 
of  the  same  outside  diameter  as  that  of  the  lead  covering  were 
used  in  the  calculations. 

_  ± _y_  -     • 


Joint  admittance  of  the  two  parallel  circuits  of  impedance  z^ 
and  z^  is  Vq  -f  V i  =  Vj.     The  corresponding  impedance  «,  =  . 


since  x^  is  small 


Total  impedance  is  =  z,+z+Z 

Current  therefore  =  — ; -^ 

z^+z-{-Z 


e  Z 

Voltage  across  load  e,  =  — ; — — =- 
*       z^^z  +  Z 


£/  »  drop  m  Ime  e ; — — ^  =  ^^ — -^ 

^  «,  +  «+  Z      Z-\-z-\-z^ 

Let  04-5,  »  2| 
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We  have  then  E,*  —  ^  .    ^      • .  .--A 

^  +  «8 

In  an  ordinary  line  we  have 

current  =  ;=- — .     Drop  in  line  E,^  =   ^  /  ■     .  .B. 

Comparing  these  two  equations,  A  and  B,  we  see  that  if  the 
values  of  line  impedance  obtained  by  writing  z^  =  z^  are  inserted 
we  can  use  the  ordinary  line  equations 

Z^  =  Tr-i  ^4- 
From  above  we  have — 


Z^    =    «3    =    0  +  2, 


or  neglecting  *,  which  is  small,  we  can  write  the  effective  resistance 


as — r-f    a  ,      2 

and  the  effective  reactance  —     *     * 


As  a  rule  ^^  is  small  compared  with  r^  and  we  can  write 


3 


effective  resistance  =  r^ — ^— 
•*  reactance  =  x^^ 

When  estimating  the  reactance  and  effective  resistance  of  a 
grounded  single-conductor  lead-covered  cable — calculate  the 
ohmic  resistance  r  of  the  conductor,  the  ohmic  resistance  r^ 
of  the  lead  covering,  (specific  resistance  14  times  that  of  copper) 
determine  the  reactance  x^  as  between  two  parallel  conductors 
of  same  diameter  as  the  outside  diameter  of  the  lead,  and  sub- 
stitute the  values  so  obtained  in.  the  equations  given  above. 

Instance.  Two  cables  of  1000  ft.  total  length  placed  on  4.6  in. 
center,  each  cable  contains  a  0000  B.  &  S.  conductor.  Out- 
side diameter  of  lead  1  in.,  inside  diameter  0.75  in.  What  is 
the  effective  resistance  and  reactance  of  25  and  60  cycles? 
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r  =  0.049,  area  of  lead  ©    -^  =  0.343  sq.  in.  corresponding  to  cop- 

o      o 

0.343 

per  section  = =  0.0245  sq.  in. 

14 

Therefore  r^  =  0.332. 

At  25  cycles  reactance  outside  of  lead  is  — tts^X-tjct 

(^-^^f+l)   08  =  0.0223  ohms. 
Therefore  effective  resistance 


0  022^' 
0.049+    ^  gg    =  0.0505  ohms. 


At  60  cycles  the  reactance  is  0.0535. 

Therefore  effective  resistance  =  0.0572. 

The  resistance  is  increased  3%  in  the  first  case,  16%  in  the 
latter. 

To  illustrate  the  increased  loss  in  a  single  conductor  lead- 
covered  cable,  table  A  has  been  prepared.  It  applies  to  a  single- 
conductor  cable  No.  0000  B.  &  S.  having  a  lead  covering  ^  in. 
thick,  the  outside  diameter  of  the  lead  covering  is  1  in.  Losses 
are  given  for  various  distances  to  return  conductor  and  at  various 
frequencies. 

It  shows  that  in  general  the  losses  introduced  are  small  and 
need  only  be  considered  in  60-cycle  systems  when  the  cables  are  a 
considerable  distance  apart.  This  table  refers  to  one  mile  of 
conductor. 

Cycles  12.5 


Distance 

inches 

2.13 

4 

12 

24 

r 

0.264 

0.264 

0.264 

0.264 

*o  =  X, 

0.0249 

0.0458 

0.0772 

0.0952 

x,^ 

0.0006 

0.0021 

0.0059 

0.009 

r. 

0.2642 

0.2649 

0.2665 

0.2678 

Increase 

0.1% 

0.34% 

0.98% 

1.4% 
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Cycles  26 


Distance 

inches 

2.13 

4 

12 

24 

r 

0.264 

0.264 

0.264 

0.264 

«o-*» 

0.0497 

0.0916 

0.1644 

0.1904 

X* 

0.0026 

0.0084 

0.0238 

0.0362 

r. 

0.2651 

0.2676 

0.2743 

0.2796 

Increase 

0.42% 

1.37% 

3.9% 

5.9% 

Cycles 

60 

Distance 

inches 

2.13 

4 

12 

24 

r 

0.264 

0.264 

0.264 

0.264 

«,  -  X* 

0.1193 

0.220 

0.3706 

0.4670 

V 

0.0142 

0.048 

0.137 

0.208 

u 

0.C701 

0.2848 

0.3233 

0.3636 

Increase 

2.3% 

7.9% 

22.6% 

33.9% 

Effect  of  a  non-grounded  lead  covering  in  single-conductor  lead 
cable.  Since  there  is  a  difference  in  flux  between  the  inside  and 
the  outside  half  of  the  lead  covering,  currents  must  flow  along- 
side the  covering  in  one  direction  in  the  inside  half,  in  the  other 
direction  in  the  outside  half. 

The  average  distance  between  center  of  one  conductor  and  the 
nearer  half  of  the  lead  covering  of  the  other  conductor  is 

4 

The  average  distance  to  the  outer  half  is 

The  difference  in  inductance  is  therefore 

/  D+Pl  D.-S,\ 

4 
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Where  Id  is  expressed  in  millihenrys  per  mile  of  conductor. 

With  /  current  flowing  in  the  conductor  and  the  resistance  of 
the  lead  covering  calculated  as  above,  that  is  a  conductor  of 
same  length,  as  the  conductor  proper,  and  with  the  actual  cross- 
section  of  the  lead,  we  get: 

Reactance  electromotive  force  = 


and  eddy  currents  in  lead  = 


10* 
2  n  nidi 


Thus  the  loss  in  the  lead  =      ^      ^,^, — 

4  r^  10* 

Therefore  the  effective  resistance 

Where  »  =  frequency 

Id  =  inductance  in  milhenrys 
Tj  =  lead  resistance — as  defined  above, 
r  =  resistance  of  conductor  proper. 
With  4  in.  distance  between  centers  and  one  inch  conductor,  we 
get: 

Z;+^i  =  4.25 
4 

D  -  =^=  3.75 
4 

l-=\{f,-'»logl.l3=^mh. 

Therefore  effective  resistance 

=  «-«^«  +  ():33X-rO-XlO*  =  ««^^^- 

We  see  from  this  that  the  eddies  in  a  single  conductor  lead 
covered  cable  are  negligible  if  the  lead  is  not  grounded. 

Effect  of  iron-atmored  single-conductor  cable.  If  the  cable  instead 
of  being  covered  with  lead,  were  covered  with  a  magnetic  mater- 
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ial  such  as  iron,  the  problem  would  be  more  complicated  on  ac- 
coimt  of  the  increased  flux  due  to  the  iron.  Such  conduit  is  indeed 
quite  out  of  the  question  on  accoimt  of  the  increased  reactance 
and  eddy  losses. 

From  the  saturation  curve  of  the  iron  it  is  possible  to  determine 
the  magnetic  density  and  therefrom  the  flux  in  the  iron  for  a 
given  current  in  the  conductor. 

Assiune  this  flux  to  be  M 

£,  the  electromotive  force  corresponding  to  this  flux  is 

4.44XMXW 

E 
The  corresponding  reactance  is  -j- 

which  reactance  should  be  added  to  the  normal  reactance  as 
obtained  in  a  non-magnetic  system. 

The  hysteresis  loss  corresponding  to  this  density  is  found  from 
the  hysteresis  curves  of  the  iron,  and  this  loss  divided  by  P  gives 
an  eqmvalent  resistance  which  should  be  added  to  the  resistance 
as  obtained  in  case  of  a  non-magnetic  conduit. 

As  an  instance.  Assume  the  cable  described  above  covered 
by  iron  instead  of  lead,  and  that  150  amperes  are  flowing  in 
the  main  conductor. 

Assume  further  that  the  iron  is  i  in.  thick  and  that  the  total 
loss  due  to  eddies  and  hysteresis  is  five  times  as  great  as  the 
hysteresis  loss  proper. 

The  magnetomotive  force  available  is  150  ^2  —  212  ampere- 
turns. 

The  magnetic  length  is  J  tt  =  2.75 

212 

Magnetomotive  force  per  inch  =  k^tc  =*  77 

This  corresponds  to  a  density  of  100,000  lines  per  sq.  in. 
The  magnetic  cross-section  =  1000Xl2Xi  =  1500  sq.  in. 
Therefore  the  total  flux  M  •=  150,000,000  and  £  =  166  volts, 

the  reactance  due  to  iron  is  thus  v=7p  =  1.1  ohm. 

loU 

From  hysteresis  curve  we  find  the  loss  per,  cubic  inch  per 
cycle  -  0.028  watts. 
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Therefore  the  loss  is  0.028X5X  1500 XiX;rX 25  »  14,500 
watts. 

Whereas  the  PR  proper  is  but  150»X 0.049  =1100  watts. 

It  can  readily  be  proved  that  even  the  thinnest  iron  covering 
is  prohibitive  in  single-conductor  cables  for  alternating  currents. 

In  concluding  the  discussion  of  the  effect  of  armor  we  may 
add  that  where  two  or  more  conductors  involving  a  complete 
circuit  are  carried  in  the  same  condxiit,  it  matters  not  whether 
the  covering  is  of  iron  or  lead,  groimded  or  not  grounded. 
The  effect  of  the  covering  on  the  resistance  or  the  reactance  is 
negligible. 

Iron  wire  and  cables  used  as  electrical  conductors.  Since  the  ohmic 
resistance  and  permeability  of  iron  changes  very  considerably  in 
different  grades  and  since  the  permeability  varies  with  the  cur- 
rent, it  is  evident  that  it  is  very  difficult  to  lay  down  any  definite 
rules  regarding  the  effective  resistance  and  reactance.  So  that 
in  order  to  get  acctirate  determinations  it  is  necessary  to  test 
samples  of  the  conductor  intended  to  be  used. 

With  the  present  price  of  copper  wire,  it  is  evident  however 
that  wherever  small  power  is  carried  relatively  short  distances 
at  liigh  voltages,  iron  wire,  or  at  least  iron  cables,  could  be  used, 
and  calculations  must  be  made  before  the  actual  wire  has  been 
secured. 

With  direct  current  the  matter  is  fairly  simple,  since  the  per- 
meability does  not  enter  and  wires  of  definite  resistance  could 
be  oidered.  This  resistance  in  iron  wire  varies  from  say  four 
times  that  of  copper  to  seven  or  eight  times  that  of  copper. 

With  alternating  current  the  skin  effect,  causes  additional  re- 
sistance, which,  at  least  in  large  conductors,  is  considerable, 
often  several  times  that  of  the  true  ohmic  resistance.  This 
effect  is  however  small  in  small  wires,  say  wires  of  number  8  to 
12  B.  &  S.  gauge,  but  with  large  wires  it  is  considerable.  Such 
small  wires  can  not,  however,  well  be  used  for  transmission  lines 
for  mechanical  reasons.  Therefore,  it  seems  probable  that 
stranded  cables  only  need  to  be  considered. 

From  a  nuriiber  of  deductions  it  would  seem  as  if  the  effective 
resistance  of  such  stranded  cable  (7-stiand  cable)  could  be  ex- 
pr^sed  by  the  following  formula : 

In  which  K  depends  upon  the  penneability  and  may  average  2. 
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R  =  effective  resistance  per  mile  of  cable. 
r  =  ohmic  resistance. 
A^  =  frequency. 

B  =  current  density  in  amperes  per  square  inch  superficial  area 
D  =  external  diameter  of  the  cable. 
The  reactance  can  be  approximated  as: 

Where  X  =  effective  reactance  per  mile  of  wire. 

X  =  reactance  as  obtained  if  the  cable  were  made  of 
copper. 

These  formulas  apply  fairly  well,  at  least  to  cables  of  from  i  in. 
to  i  in.  external  diameter.  It  is  unlikely  that  larger  cables  will 
be  used,  since  the  skin  effect  is  very  considerable  with  i  in.  cables, 
and  it  is  unlikely  that  smaller  cables  will  be  used,  on  account  of 
mechanical  reasons. 

It  is  to  be  noted  in  connection  with  these  formulas  that  the 
reactance  as  a  rule  is  not  prohibitive  with  the  use  of  iron  cables. 
It  has  often  been  thought  that  the  reactance  was  the  limiting 
feature,  but  this  is  not  the  case — the  effective  resistance  is  of 
more  importance. 

When  using  very  large  iron  or  steel  conductors,  such  as  rails 
in  the  case  of  single-phase  railroading,  the  effective  resistance 
can  be  estimated  from  the  degree  of  penetration  of  current,  and 
this  has  been  approximated  by  Steinmetz  and  others  to  be 


2000 


Where  3,  the  penetration,  is  expressed  in  inches. 

g  =  electrical  conductivity,  which  with  soft  iron  is  about 
110,000,  /i  is  the  permeability  and  might  be  abou.t  500  and  A'  is 
the  frequency. 

Consequently,  the  resistance  of  such  large  iron  and  steel  con- 
ductors does  not  depend  upon  the  actual  cross-section,  but  upon 
the  perimeter.  It  is  furthermore  proportional  to  the  square 
root  of  the  frequency. 


[For  additional  discussion  on  this  paper  see  page  926]. 
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THE  TELEPHONE  WIRE  PLANT 


BY    SBRGIUS   P.   GRACB 


Telephone  engineering  has  been  looked  upon  by  many  engi- 
neers as  principally  a  switchboard  problem.  The  switch- 
board problem  was  tmdoubtedly  deserving  of  the  great  amount 
of  attention  given  to  it  by  telephone  engineers,  and  the 
results  are  everywhere  evident  to-day  in  the  perfect  working 
mechanisms  of  the  modem,  central  battery  switchboard.  An 
analysis  of  the  construction  costs  of  the  telephone  plant  will, 
however,  show  that  from  two-thirds  to  three-fourths  of  the 
total  expenditure  is  required  for  the  outside  plant;  that  is,  for 
conduits,  poles,  cables,  and  wire.  Because  of  the  very  large 
proportional  expenditures  for  the  outside  plant,  it  becomes 
evident  that  the  systems  of  line  distribution  should  be  most 
carefully  studied  in  order  that  the  best  service  may  be  given  at 
the  lowest  cost. 

In  considering  a  telephone  plant  for  a  community,  the  first 
thing  to  be  done  is  to  decide  upon  a  proper  development  plan 
for  the  growth  of  the  business  for  a  reasonable  ntmiber  of  years. 
In  view  of  the  rapid  advances  in  the  telephone  art  and  the 
possibilities  of  the  introduction  of  new  systems  of  transportation 
and  communication,  it  would  seem  that  fifteen  to  twenty  years 
is  as  far  ahead  as  we  are  justified  in  planning  telephone  develop- 
ment. If  the  plant  is  to  care  for  service  offered  during  this 
period,  it  must  be  originally  so  laid  out  and  designed  that  the 
additional  subscribers  can  be  taken  on  withot»t  the  redesign 
and  reconstruction  of  the  plant  From  time  to  time  the 
development  plan  can  be  revised  so  as  always  to  keep  it 
from  fifteen  to  twenty  years  ahead  of  the  plant.     In   laying 
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out  a  telephone  development  plan  for  a  city,  there  are  many 
things  to  be  considered.  The  growth  in  population  for 
the  last  ten  years  must  be  carefully  considered;  from  all 
possible  sources  of  information  a  prediction  should  be  made 
of  the  population  for  the  next  ten  to  twenty  years.  It  next 
becomes  necessary  to  determine  upon  the  percentage  of  de- 
velopment which  may  reasonably  be  expected;  that  is,  the 
ratio  of  telephones  in  use  to  the  population.  This  will  vary 
considerably  with  the  prosperity  of  he  community  and  whether 
there  are  large  manufacturing  districts  employing  low  grades 
of  labor.  It  seems  certain  that  this  development  in  the  ul- 
timate will  lie  between  15  and  30  per  cent,  of  the  total  popu- 
lation. A  careful  estimate  must  also  be  made  of  the  ratio 
of  Une  to  stations.  Thus  if  a  very  high  party-line  development  is 
expected,  the  ratio  of  lines  to  stations  will  be  low.  To-day  the  tele- 
phone line  really  mean,  more  to  us  from  the  wire  plant  standpoint 
than  the  nimiber  of  telephones.  Formerly  we  used  to  con- 
sider the  number  of  telephones  as  affecting  the  wire  plant; 
now  it  is  the  number  of  lines.  Because  of  the  introduction  of 
private  branch  exchanges  two  or  three  tnmk  lines  may  care  for 
fifteen  or  twenty  telephones,  or  there  may  be  a  number  ot 
telephones  on  one  line,  so  it  is  the  line  in  which  we  are  interested. 

After  having  looked  over  the  city  in  a  general,  way  and  ob- 
tained the  best  available  data  regarding  the  industries  and 
the  growth  of  the  population  in  various  parts  of  the  city, 
the  next  thing  to  do  is  to  resort  to  a  detailed  count  of 
all  the  buildings,  and  block  by  block  make  an  estimate 
of  the  number  of  telephones  expected  at  the  end  of  various 
periods  during  the  next  twenty  years.  In  addition  to  the  count 
of  the  present  buildings,  an  estimate  should  be  made  of  the  prob- 
able ultimate  number  of  the  various  classes  of  structures  in  each 
built  up  block  of  the  exchange  area.  In  providing  for  the 
number  of  lines  to  be  installed  at  once,  which  at  the  same 
time  should  provide  for  two  or  three  years'  growth,  the  present 
ntmiber  of  lines  in  each  block  should  be  determined  and  to 
this  number  about  one-third  more  lines  should  be  added.  This 
will  vary  in  different  cities  and  must  be  the  subject  of  a  special 
study  in  each  case. 

After  having  made  a  study  of  each  block  in  the  exchange 
area  and  determined  the  probable  number  of  lines  and 
stations  at  the  end  of  each  five  year  period  during  the 
next  twenty  years,  the  entire  number  of  lines  and  stations  as 
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shown  by  the  block  map  should  be  summed  up  and  carefully 
compared  with  the  ultimate  figures  deduced  from  the  general 
development  plan  which  is  based  upon  the  character  of  the  city 
and  the  probable  growth  in  population.  If  the  estimates  ar* 
rived  at  by  the  general  development  scheme  and  the  detailed 
block  scheme  do  not  compare  favorably,  both  estimates  should 
be  gone  into  ^ain  most  carefully  to  determine  the  possible 
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Fig.  1 — Development    plan.     Present    ultimate  number  and   classes  of 
houses  in  each  block 


errors.  In  Fig.  1  is  shown  a  section  of  a  city  of  about  40,000 
inhabitants.  On  this  map  are  marked  the  numbers  of  the 
various  classes  of  houses.  At  the  left  of  the  block  in  circles 
are  shown  present  number  and  at  right  are  shown  ultimate  ntun- 
ber  of  houses.  In  Fig.  2  are  shown  the  number  in  five  years 
and  ultimate  number  of  lines  in  each  block. 
When  the  number  of  telephones  in  each  block  for  the  twenty 
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year  study  has  been  decided  upon,  it  remains  to  determine  the 
most  economical  grouping  of  these  telephone  lines  into  ex- 
changes. In  small  cities  where  the  ntmiber  of  telephone  lines 
in  the  ultimate  will  not  exceed  8,000  to  10,000,  it  is  reasonably 
certain  to  assume  that  one  exchange  vn\\  prove  the  most  econom- 
ical. If  the  district  is  very  much  scattered  or  very  much 
elongated  this  is  not  true,  and  the  proper  nimiber  of  exchanges 


Fig.  2 — Development  plan     Number  of  lines  in  five  years  and  ultimate 
nimiber  of  lines  in  each  block 


should  be  determined  in  a  manner  to  be  described  later.  If 
one  exchange  is  decided  upon,  a  location  for  this  exchange 
must  be  determined  which  will  make  the  subscribers'  line  wire 
mileage  a  minimum.  The  determination  of  this  centre  with 
extreme  precision  is  a  problem  for  the  calculus.  The  most 
simple  case  is  when  the  streets  are  all  rectangular,  in  which  case 
the  mathematical  centre  of  distribution  is  found  by  drawing 
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lines  at  right  angles  through  the  exchange  area,  so  that  the 
number  of  telephones  in  the  ultimate  on  each  side  of  the  lines  is 
the  same.  If  the  present  centre  is  a  considerable  distance 
from  the  ultimate  centre,  a  mean  centre  between  the  two  should 
be  decided  upon. 

When  the  centre  is  determined,  a  complete  conduit  system 
should  belaid  out,  touching  at  least  one  side  of  every  block  in  the 
exchange  area.  It  will  never  be  necessary  to  construct  all  this 
conduit  at  once,  and  perhaps  even  in  the  ultimate,  much  of  it 
will  not  be  installed,  but  if  a  definite  plan  is  prepared  the  conduit 
extensions  from  time  to  time  will  be  of  correct  dimensions 
and  in  the  right  direction.  This  conduit  must,  of  course, 
feed  to  the  exchange  centre  by  the  most  direct  routes  possible, 
and  the  lines  should  be  concentrated  in  the  smallest  number 
of  subways  which  will  not  affect  the  efficiency  of  the  distributing 
system.  Since  it  is  known  from  the  development  plans  the 
niunber  of  lines  in  each  block  at  the  present  and  the  ultimate 
periods,  a  skeleton  feeder  plan  carrying  these  pairs  back  to  the 
exchange  centre  can  readily  be  prepared,  and  from  this  it  is 
easy  to  determine  the  number  of  ducts  and  sizes  of  manholes 
in  the  various  parts  of  the  subway.  In  Fig.  3  is  shown  a  typical 
conduit  plan.  In  general,  the  terminal  cables  feeding  into  the 
block  should  be  of  the  ultimate  size,  while  the  feeder  cables  back 
to  the  exchange  centre  should  be  so  proportioned  as  to  care  for 
the  growth  in  business  for  from  two  to  five  years.  Fig.  4  shows  a 
cable  plan  for  a  five-year  growth.  In  the  districts  where  conduit 
is  not  constructed,  pole  lines  may  be  used  for  distribution  and 
feeder  ptirposes. 

In  the  case  of  a  large  city  where  it  is  evident  that  a  niunber 
of  offices  will  be  required  to  furnish  the  service,  it  is  a  very  com- 
plex and  complicated  problem  to  determine  how  many  exchange 
districts  there  should  be.  The  cheapest  number  of  districts  will 
vary  as  follows: 

1.  With  the  grade  of  talking  transmission. 

2.  With  the  subscribers  mileage — varies  directly  as  the 
ntunber  of  offices. 

3.  With  the  A  and  B  position  equipment — varies  directly 
as  the  number  of  switchboards. 

4.  With  the  multiple  jacks — varies  inversely  as  the  num- 
ber of  switchboards. 

5.  With  the  rent — varies  directly  as  the   number   of    offices. 

6.  With  the  office  constant — varies   directly   as  the   number 
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of  offices.  This  office  constant  takes  care  of  the  equipment 
which  is  common  to  all  offices,  such  as  the  charging  dynamos, 
storage-batteries  and  power  boards. 

7.  With  the  central-office  labor — varies  directly  as  the 
number  of  offices. 

8.  With  the  trunk  mileage — varies  directly  as  the  number  of 
offices;  also  on  number  of  calls  per  line  and  per  cent,  of  truiik- 
ing. 


Fig.  3 — Development  plan.     Typical  underground  conduit  layout 


Good  telephone  service  is  fundamentally  based  upon  good 
talking  efficiency.  The  means  for  transmitting  the  talk  is  what 
the  telephone  company  really  furnishes  to  the  subscriber. 
In  very  large  city  districts,  because  of  the  distances  between 
the  central  offices,  the  cost  per  message  is  materially  in- 
creased on  account  of  the  high-grade  trunk  plant  required  to 
give     the    subscribers    good    transmission.     The   central    bat- 
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tery  system  of  subscribers  lines  has  proved  very  efficient 
and  economical  from  service  and  maintenance  standpoints. 
There  is,  however,  a  considerable  loss  introduced  into  each 
line  by  the  ohmic  resistance  which  operates  to  cut  down  the 
flow  of  ciirrent  through  the  transmitter.  In  addition,  then, 
to  the  attenuation  loss  present  in  all  cases  we  have  added  to 
this  in  the  transmitting  loop,  a  loss  due  to  the  reduction  of  the 
current  through  the  transmitter. 
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Fig.  4 — Development  plan.     Cable  plan  for  five  years'  growth 

In  ae&.gn-ng  t*ie  suoscnbers  lines,  22-gauge  cable  should  be 
used  as  much  as  possible.  In  the  case  of  a  large  city  with  a 
number  of  central  offices  there  is  a  limiting  resistance  for  the 
subscribers'  lines  which  can  not  be  exceeded  without  making 
the  tnmking  plant  very  expensive.  This  limiting  resistance 
of  the  subscribers'  lines  will  vary  in  different  cities  because  of  the 
varying   distances   between   central   offices  which   affects  the 
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trunk  line  mileage.  In  general  the  subscribers'  and  trunk  line 
plant  must  be  so  designed  that,  while  there  will  always  be 
good  talking  transmission  between  the  subscribers,  the  annual 
charges  on  both  the  subscribers'  and  trunk  line  plant  will  be  a 
minimum. 

To  lay  out  a  city  in  the  correct  ntunber  of  districts  all  the 
items  above  mentioned  must  be  given  careful  considera- 
tion. From  past  experience  it  is  generally  possible  to  predict 
approximately  the  ntmiber  of  districts  which  will  be  found 
most  economical.  A  number  of  districts  above  and  below  this 
value  should  be  decided  upon,  and  the  costs  and  annual  chaxges  for 
each  of  these  three  groupings  should  be  carefully  calculated.  The 
first  cost  and  annual  charges  of  all  the  variables  given  on  preced- 
ing pages  must  be  known  in  order  to  make  these  comparisons. 
Our  past  experience  indicates  that  the  following  is  about 
the  best  theoretical  nvunber  of  districts  for  cities  of  various 
sizes. 

Offices. 

For  an  ultimate  of  10,000  lines  or  less 1 

For  10,000  to  15,01)0  lines 2-4 

For  15,000  to  25,000  lines 5-8 

For  25,000  to  35,000  Imes 6-10 

For  35,000  to  50,000  lines S-12 

For  50,000  to  100.000  Imes 10-16 

After  the  number  of  offices  has  been  decided  upon,  and  the 
conduit  study  following  the  general  development  plan  is  made, 
it  yet  remains  to  construct  the  outside  plant  so  as  efficiently 
and  economically  to  connect  the  subscribers  by  means  of  the  wire 
plant  to  the  central  offices.  Conduits  should  be  built  in  the 
congested  districts  and  along  what  may  be  considered  as  main 
feeder  routes.  In  general  it  is  economical  to  construct  at  once  a 
condtdt  if  400  to  800  pairs  of  wires  are  expected  within  five  years. 
In  the  vicinity  of  the  underground  conduit  system  every  effort 
should  be  made  to  connect  the  subscribers  without  resorting 
to  aerial  construction.  Where  the  buildings  are  large  and 
permanent  and  an  average  of  ten  telephones  per  building  may 
be  expected,  the  best  method  of  construction  is  a  cable  directly 
into  each  building  from  the  nearest  manhole  in  the  main  conduit 
system.  In  the  case  of  large  office  buildings  one  or  more  btdld- 
ing  cables  should  be  run  vertically  in  the  wire  or  pipe  shafts 
and  terminal  boxes  provided  at  each  floor,  to  which  can  be 
connected  the  individual  wires  for  each  telephone.     The  scheme 
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Fig.  5— Standard  cable  terminal 
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for  distributing  these  individual  wires  most  to  he  preferred  is 
the  hall  molding  scheme.  These  hall  molding  troughs  should 
connect  to  the  terminal  box  on  each  floor  so  that  the  wires  to 
each  telephone  may  be  run  from  time  to  time  as  needed.  This 
system  is  cheaper  to  install  and  easier  to  maintain  than  the 
conduit  system  following  electric  light  practice.  In  many 
cities  there  are  large  area  ways  under  the  sidewalks,  and  a  cable 
run  through  these  area  ways  from  one  building  to  another 
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Fig.  6 — Details  of  standard  cable  terminal 


and  provided  with  a  tapping  terminal  on  each  property  makes 
a  very  good  form  of  distribution. 

Where  the  blocks  in  the  vicinity  of  underground  condtdt  are 
well  built  up,  but  where  none  of  the  buildings  is  large  enough 
or  important  enough  to  warrant  direct  connection  the  interior 
block  system  may  be  used  to  great  advantage.  In  this  system 
one  or  more  underground  laterals  from  the  main  subway  system 
are  run  into  the  interior  of  the  block  and  terminated  on  the 
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Fio.  7 — Wiring  diagram  of  cable  terminal 
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rear  walls  of  the  most  substantial  btdldings.  Around  the 
interior  walls  at  a  height  preferably  not  over  ten  feet  from  the 
ground  are  cleated  lead-covered  dry-core  cables.  At  intervals 
of  100  to  200  feet  a  multiple  tap  is  taken  to  terminal  boxes. 
From  these  terminal  boxes  No.  18  B  &  S.  gauge  rubber- 
covered  and  braided-bridling  wire  is  carried  through  bridling 
rings  spaced  about  four  feet  apart  to  the  various  entrances  to  the 
subscribers'  premises.  This  distributing  cable  is  of  course 
connected  to  an  underground  cable  from  the  main  subway. 
In  case  the  number  of  telephones  within  the  block  is  small,  a 
terminal  box  at  the  end  of  the  imderground.  cable  may  be  suffi- 
cient, and  nothing  but  bridling  wires  through  rings  used  for 
distribution  purposes.  Since  no  protection  is  needed  between 
the  distributing  lines  and  the  undergroimd  cable,  a  very  neat 
form  of  terminal  box  may  be  used.  The  type  of  box  which 
is  being  largely  used  for  this  service  at  the  present  time  is 
shown  in  Figs  No.  5,  6,  and  7,  In  this  box  the  wire  ter- 
minals are  mounted  on  hard-burned  porcelain  A  five-foot 
length  of  dry-core  lead-covered  cable  is  connected  to  the 
terminals  on  the  porcelain  blocks,  after  which  the  blocks  are 
firmly  seated  on  a  gasket  of  wicking  saturated  in  conipound. 
The  cast-iron  retaining  case  is  then  filled  with  compound,  the 
cable  wiped  to  a  brass  nipple,  and  an  air-tight  plug  inserted  in 
the  top.  This  hermetically  seals  the  terminal.  On  account 
of  th(B  durable  nature  of  the  materials  emplo^red  in  the  con- 
struction of  this  terminal;  namely,  porcelain,  cast  iron  and 
brass,  the  depreciation  and  maintenance  should  be  very  low. 

In  Figs.  8,  9,  10.  11  are  shown  examples  of  interior 
block  distribution  This  type  of  construction  is  so  incon- 
spicuous as  to  be  rarely  objectionable,  and  in  consequence  its  u  e 
should  be  adopted  wherever  possible.  In  certain  districts  in 
the  neighborhood  of  underground  subway?,  the  buildings  may 
be  very  old  or  may  be  very  widely  '  cattered.  In  these  cases  an 
interior  block  system  could  not  be  installed  to  advantage,  and 
a  low  ring-top  distributing  pole  should  be  used,  pending  the 
time  the  block  will  be  sufficiently  built  up  to  permit  of  direct 
connection  or  interior  block  wiring.  Figs.  12  and  13  show  ex- 
amples of  this  type  of  construction.  Distributing  poles  are 
useful  for  furnishing  connection  between  the  underground 
system  and  the  subscribers'  premises  during  a  period  when 
direct  connection  or  interior  block  wiring  is  not  warranted. 
Ultimately,  it  seems  certain  that  the  distributing  pole  is  boimd 
to  go. 
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Pig.  8 — interior  block  distribution     Sub-duct  cable  terminal  and  wiring 

runs 
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fl*IO.  9 — Interior   block    distribution     Example    of  wiring   mn  to  upper 

floors  of  building 
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A  very  large  proportion  of  telephone  service  must  be  given 
in  scattered  residence  districts  where  the  number  of  circuits  is 
so  small  as  not  to  justify  conduit  construction.  If  conduits  were 
installed  at  once,  the  construction  plant  costs  would  be  very 
DM-terially  increased  and  consequently  the  cost  of  service  to 
the  subscribers  would  have  to  be  increased.  It  is  therefore 
necessary  to  determine  what  is  the  most  economical,  efficient, 
and  sightly  form  of  aerial  distribution.  In  the  early  days  of 
the  telephone  it  was  but  natural  that  the  distribution  of  the 
telephone  wires  should  follow  the  same  practice  adopted  by 
the  telegraph  companies.  Very  soon  it  was  found  that  the 
ntunber  of  telephone  wires  multiplied  very  rapidly,  which 
required  towering  poles,  equipped  sometimes  with  as  many  as 
twenty  cross-arms.  The  invention  of  the  dry-core,  lead-covered 
cable  furnished  relief  for  these  lines,  although  for  many  years  it 
was  the  custom  to  use  as  much  open  wire  and  as  little  cable  as 
possible. 

In  the  territory  about  Pittsburg  the  topography  of  the  ground 
is  exceedingly  rough.  This  results  in  winding  streets  and 
almost  an  entire  absence  of  alleys.  To  construct  very  large 
open  wire  lines  in  these  winding  streets  was  early  seen  to  be 
impracticable,  and  when  the  great  expansion  of  the  telephone 
business  began  in  1897  it  became  imperative  to  design  other 
methods  for  aerially  distributing  telephone  lines.  The  system 
which  was  finally  worked  out  and  decided  upon  is  that  known 
as  the  aerial  cable  or  all-cable  system  which  was  adopted  in 
1897  and  has  been  our  standard  type  of  aerial  construction  ever 
since.  In  this  system,  very  low  poles  are  used,  rarely  exceeding 
30  to  35  feet  in  height.  These  distributing  lines  are  placed  in 
alleys  if  they  are  available.  A  cable  is  strung  near  the  tops  of 
the  poles  and  on  alternate  poles  are  placed  10-  or  15-pair  terminals. 
Each  pair  in  the  distributing  cable  appears  in  from  two  to  four 
terminals,  and  common  pairs  are  so  laid  out  in  adjacent  terminals 
that  it  is  easy  to  provide  for  party  lines.  The  multiplying  is 
so  arranged  that  when  the  cable  becomes  crowded  it  may  be 
cut  into  two  or  four  parts,  all  pairs  appearing  in  each  part, 
and  relieved  by  feeder  cables.  No  cross-arms  or  bare  wires  are 
used  for  distribution  along  the  lead,  but  from  the  binding-posts 
in  the  cable  terminal  a  twisted  pair,  rubber-covered,  and  braided 
wire  is  strung  directly  to  a  point  within  the  subscriber's 
premises.  The  use  of  this  well  insulated  twisted  pair  wire  very 
materially  reduces  the  maintenance.     An  aerial  cable  system  of 
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this  kind  with  twisted  pair  wires  leading  directly  to  the  sub- 
scribers' houses  is  tindoubtedly  the  most  sightly  form  of  aerial 
distribution,  since  all  the  cumbersome  and  troublesome  open 
wires  are  done  away  with.  In  Figs.  14,  15,  16,  17,  and  18 
are  shown  methods  and  materials  used  in  aerial  cable  construc- 
tion. Attention  is  called  to  the  grooved  insulators  used  for 
supporting  the  twist  wires.  Each  wire  of  the  pair  occupies  a 
separate  groove,  thus  preventing  a  crossing  of  the  wires,  which 
sometimes  injiu-es  the  insulation  when  there  is  a  heavy  strain 
on  the  wires. 


Pio.  11 — Intexlor  block  distribution     Suspending  wires  from  building  to 
serial  cable  terminal  on  pole 


There  has  been  considerable  discussion  among  engineers 
regarding  the  life  of  twisted-pair,  rubber-covered  distributing 
wire.  Rubber  and  paint  are  somewhat  alike,  in  that  all  kinds 
of  mixtures  are  sold  under  their  names.  From  the  very  be- 
ginning we  have  been  careful  to  .specify  a  reasonably  high 
grade  of  rubber  and  to  insist  on  making  tests  of  all  wire  sub- 
mitted to  us,  to  be  sure  that  our  specifications  have  been  complied 
with.  Very  good  wire  was  thus  obtained,  and  samples  which 
we  now  take  down  after  having  been  in  use  for  seven  to  nine 
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years  still  show  an  insulation  resistance  of  200  to  400  megohms 
per  mile  when  submerged  in  water.  If  the  ordinary  type  of 
market  wire,  which  is  mainly  intended  for  inside  wiring,  is  used, 
the  life  will  be  much  shorter.  A  good  quality  of  rubber  dis- 
tributing wire  well  protected  with  a  heavy  braid  should  prove 
serviceable  for  ten  or  fifteen  years. 

Until  recently  the  type  of  distributing  wire  most  generally 
used  was  made  of  No.  14  B.  &  S.  gauge  copper.  This  size  of 
wire  was  not  necessary  for  conductivity,  for  as  a  rule  it  was 


Pig.  12 — ^DlstriSution  of  5?ubscribers*  lines  from  circle  top  distributing  pole 


connected  to  a  22-  or  19-gauge  cable  pair.  This  size  of  wire 
was  required  for  mechanical  strength,  because  the  wire  was 
strung  in  spans  and  had  to  be  self-supporting.  During  the 
past  year  there  has  been  put  on  the  market  a  copper-clad  steel 
wire  which  is  made  by  a  new  method.  Copper  is  welded  to  a 
steel  ingot  and  the  capper  and  steel  drawn  out  uniformly  to- 
gether. From  all  the  examinations  we  have  been  able  to  make 
it  seems  that  there  is  a  perfect  union  between  the  copper  and 
the  steel.      A  No.  17  B.  &  S.  gauge    copper-clad  wire  having 
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Fio.  lo — Details  of  circle  top  distributing  pole 
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^0%  conductivity  of  copper  has  the  same  tensile  strength  as  a 
No.  14  B.  &  S.  hard-drawn  copper  wire.  This  reduces  the 
amount  of  material  in  the  distributing  wire  one-half,  and  what 
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IS  still  more  important,  on  account  of  the  reduced  area,  de- 
creases the  amount  of  expensive  rubber  compound  required  to 
surround  the  \^^re.     The  amount  of  braided  covering  is  also  mate- 
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rially  reduced.  The  finished  wire  is  very  light  and  easy  to 
handle  and  costs  approximately  30%  less  than  the  No.  14  B.  &  S. 
type  of  wire. 

At  first  sight  it  seems  that  a  terminal  on  alternate  poles 
must  be  expensive,  and  that  terminals  farther  apart  and  with 
intervening  distribution  made  by  bare  wire,  would  be  cheaper. 
In  order  to  determine  this  point  clearly,  a  study  was  made 
some  time  ago  showing  a  comparison  between  aerial  cable  dis- 
tribution with  taps  on  alternate  poles  and  with  twisted  pair 
direct  to  the  houses,  as  compared  with  aerial  cable  supplemented 
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Fig.  1 5 — Details  of  construction  at  branch  terminal  pole 


with  bare- wire  distribution.  Various  densities  of  telephone 
distribution  were  assumed,  and  it  was  found  that  in  nearly  all 
cases  the  system  with  taps  on  alternate  poles  was  not  only  cheap- 
est in  first  cost  but  also  in  annual  charges.  Where  the  dis- 
tribution was  very  dense  it  was  found  that  a  tap  on  every  pole 
was  the  most  economical.  As  a  general  principle  it  would  seem 
that  we  should  carry  the  telephone  circuits  just  as  far  as  possi- 
ble in  cable  and  make  the  subscriber's  drop  of  minimum  length. 
There  will,  of  course,  be  many  streets  and  districts  where  for 
the  present  time  aerial  cable  is  not  warranted.  If  these  dis- 
tricts are  in  the  neighborhood  of  an  aerial  cable  base  line,  and 
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the  subscribers  are  not  located  more  than  1000  feet  away  from 
the  cable  line,  it  is  economy  to  connect  them  with  twisted-pair 
wire  stnmg  on  distributing  brackets  rather  than  to  resort  to 
the  use  of  bare  wire  and  cross-arms,  where  perhaps  a  large  part 
of  the  arm  capacity  will  lie  idle  for  several  years.     This  method 
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DEAD  ENDING  TWISTED  PAIR 
AT  HOUSE  KNOB 

Fig.  16 — Method  of  tying  twisted-pair  instdated  wires  to  porcelain  knobs 


of  wiring  is  shown  in  Fig.  19.  If  the  side  streets  are  clear 
of  trees  and  it  appears  probable  that  many  of  the  circtiits  will 
be  more  than  1000  feet  long,  the  distribution  should  be  made 
by  means  of  bare  wire  on  cross-arms,  as  shown  in  Fig.  20. 
Generally  speaking,  the  bare  wire  on  these   side  lines  should 
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be  of  copper,  for  at  the  present  time  with  so  much  std* 
phurous  smoke  in  the  atmosphere  of  our  cities  and  towns, 
the  life  of  iron  wire  is  too  short  to  warrant  serious  con- 
sideration.   Copper  wire  smaller  than  No.  14  N.  B.  S  or  No. 


HOUSE  KNOB 


PORCELAIN 
BROWN  QLAZ8 


Fio.  17 — ^Porcelain  knob  used  for  attaching  twisted  pair  drop  wires  to 

houses 


12  B.  &  S.  gauge  cannot  safely  be  used  in  spans  because  of 
of  its  low  tensile  strength.  This  size  of  wire  is  not  required  for 
conductivity,  since  in  the  places  where  this  wire  is  usually 
strung  we  would  be  satisfied  with  a  cable  conductor  of  19  or  22 
Here  again  it  also  seems  possible  to  make  considerable 
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saving  by  the  use  of  copper-clad  steel  wiie.  A  No.  14  B.  &  S. 
or  No.  16  N.  B.  S.  copper-clad  wire  is  sufficiently  strong  me- 
chanically and  -has  a  conductivity  equivalent  to  a  19-gauge 
cable  pair.    This  will  reduce  the  first  cost  of  line  wire  about  one- 

DI8TR1BUTING    KNOB 


Fio.  18 — Pcrcelain   knob   used   for   attaching  twisted  pair  drop  wires  to 

poles 


half.  The  copper-clad  wire  will  be  just  as  durable  as  copper, 
and  since  its  strength  lies  on  the  inside  rather  than  in  the 
hardened  outside  shell,  it  will  be  subject  to  a  lesser  niunber  of 
breaks,  and  besides  it  can  be  taken  down  and  used  in  other 
places.     It  is  usually  necessary  to  scrap  copper  wire  when  taken 
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down,  for  as  a  rule  it  will  not  stand  re-stringing  in  another 
location  without  causing  much  trouble  from  breaking,  due  to 
nicked  and  scratched  spots. 

When  the  open-wire  subscribers'  circuits  fill  several  cross- 
arms,  it  is  generally  economical  to  replace  them  with  a 
cable.  Prom  studies  which  we  have  made,  it  has  been  found 
that  when  a  cable  is  placed  on  a  lead  of  this  character, 
it  is  economy  to  remove  the  open  wires  and  cross-arms  and 
return  them  to  stock  rather  than  attempt  to  use  them  for 
distribution  from  taps  placed  one  to  two  blocks  apart  on  the 
cable.    The  removing  of  open  wires  when  the  cable  is  placed, 
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HL 


Fig.  19 — Method  of  stringing  twisted-pair  wires  along  a  pole  lead 


cleans  up  the  line"  in  good  shape,  makes  it  easy  to  maintain, 
and  far  more  sightly  to  the  public  It  would  seem  that  the 
aerial  cable  system  of  distribution  of  telephone  lines  is  the  most 
ideal  system  now  known  for  districts  where  for  the  present 
conduits  are  not  justified.  Practically  all  the  large  telephone 
companies  have  realized  the  economies  to  be  obtained  by  its 
use,  and  during  the  last  three  years  thousands  of  miles  of  this 
kind  of  cable  distribution  have  been  placed. 

Since  the  wire  plant  requires  the  major  portion  of  the  money 
expended  ior  a  telephone  system,  and  since  there  are  so  jnany 
varied  and  complex  factors  entering  into  its  design,  the  greatest 
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care  should  be  given  to  its  engineering.      The  most  important 
problems  in  connection  with  the  wire  plant  are: 

1.  The  development  plans  which  must  be  carefully  worked 
out  by  the  engineer  so  that  not  only  the  first  cost  of  the  plant 
will  be  a  minimimi,  but  so  that  the  plant  can  take  care  of  in- 
creases in  business  from  time  to  time  without  unnecessarily 
large  expenditures  for  redesign  and  reconstruction. 

2.  The  transmission  must  be  carefully  studied  so  that  there 
will  be  a  good   volume  of  talk  between  any  two  connected 


IF  POeaiBLI  THE  KNOet  SHOULD 
K  AMIANQCO  TO  PULL  MAMtT 
THE  ARM 


GENERAL  INSTRUCTIONS 

1  ALL  WIRINO  OF  TWIETCD  FAWE  SHALL  BE  DONE 

UNDERNEATH  THE  ARMS. 
2-ALL  CONNECTIONS  EHALL  BE  MADE  ON  THE  FACE 
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WITH  TWISTED  PAIRS 


Fig  20— Distribution   of  subscriber's  lines   by    means  of  open  wire    on 
cross-arms    Twisted-pair  drops  to  subscriber's  premises 

subscribers.  The  circuits,  whether  in  cable  or  in  open  wire, 
should  be  graded  and  if  necessary  loaded,  so  that  while  the 
transmission  is  sufficiently  good,  it  will  not  be  given  over  un- 
necessarily expensive  trunk  lines. 

3.  The  underground  system  must  be  extended  as  rapidly 
as  it  is  economical  to  do  so.  and  direct  terminal  or  interior 
block  connections  made  with  the  maximum  number  of  sub- 
scribers. 

4.  In   the   outlying   districts   where  pole  lines  will  still  be 
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resorted  to,  every  effort  must  be  made  so  to  design  and  con^ 
struct  these  lines  as  to  have  them  of  low  first  cost  and  annual 
charges.  They  must  be  but  slightly  affected  by  the  elements, 
and  free  from  interference  from  electric  light  and  power  cir- 
cuits. These  aerial  systems  must  be  made  sightly  to  avoid  the 
criticisms  of  the  public. 

5.  The  engineer  must  constantly  seek  for  new  and  improved 
types  of  material  and  construction  methods  to  be  used  in  the 
wire  plant  so  that  the  first  cost  and  maintenance  can  be  re- 
duced. 
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Discussion  om   "  The  Telephone   Wire  Plant  "   at  New 
York,  April  26,  1907. 

John  J.  Carty :  From  the  paper  it  is  eN^ident  t  hat  the  telephone 
wire  plant  consists  of  the  conducting  wifes  joining  points  distant 
from  each  other,  and  a  large  amount  of  auxiliary  apparatus  per- 
taining thereto.  This  distinguishes  the  telephone  wire  plant 
from  that  part  of  the  plant  which  is  composed  of  switchboards, 
telephones,  transmitters,  and  the  various  classes  of  apparatus 
associated  therewith. 

The  paper  does  well  to  call  attention  to  the  very  great  magni- 
tude of  the  telephone  wire  plant  as  compared  to  the  switch- 
board plant.  The  switchboard  apparatus,  all  being  assembled 
at  the  central  office,  can  readily  be  viewed  as  a  whole,  and  presents 
a  commanding  appearance.  Very  likely  for  this  reason  in  the 
usual  discussion  of  switchboards  and  switchboard  apparatus 
those  factors  have  been  brought  into  undue  prominence  as  com- 
pared with  those  parts  of  the  plant  which  have  been  discussed 
lo-night.  The  switchboard  has  too  long  held  the  center  of  the 
stage,  and  it  is  high  time  that  attention  has  been  directed  to 
some  of  the  nimierous  other  features,  aside  from  the  switchboard, 
which  are  necessary  for  a  complete  telephone  system. 

The  telephone  wire  plant  of  the  city  of  New  York  and  the 
suburban  territory  tributary  to  it  consists  in  round  numbers 
of  one  million  miles  of  copper  wire.  Most  of  this  copper  wire 
is  enclosed  in  lead-covered  cables.  The  superficial  area  of  the 
lead  pipes  covering  a  particular  one  of  these  cables  amounts  to 
7.6  acres.  The  superficial  area  of  the  lead  pipes  covering  all 
of  the  cables  in  this  system  of  one  million  miles  of  wire  amounts 
to  190  acres.  All  of  this  lead  pipe  is  needed  to  protect  from  water 
and  moisture  the  delicate  paper-covered  wires  within,  as  a  punc- 
ture in  one  of  these  pipes  no  larger  than  a  pin-hole^will  admit 
moisture,  which  sooner  or  later  causes  a  fault  that  produces 
an  interruption  of  the  service  of  one  or  of  all  the  circuits  within 
the  cable.  All  of  these  190  acres  of  lead  pipe  must  therefore 
be  maintained  free  from  punctures  even  as  small  as  that  which 
would  be  produced  by  a  pin,  so  that  in  the  manufacture  and  lay- 
ing and  maintaining  of  this  part  of  the  telephone  wire  plant 
very  important  and  serious  problems  are  presented. 

A  few  words  concerning  the  development  of  this  type  of  lead- 
covered  cable  may  be  of  interest  as  bearing  upon  the  subject  under 
discussion.  In  the  first  telephone  installations  the  wires,  as  a  rule, 
were  overhead  and  composed  of  iron,  following  the  standard 
telegraph  practice  of  the  time.  Soon  it  became  necessary  to 
extend  telephone  wires  across  rivers,  and  here  for  the  first  time 
telephone  cables  were  used,  the  gutta  percha  or  rubber-covered 
cables  employed  by  the  telegraph  companies  being  imported 
into  the  telephone  service  for  the  purpose.  As  the  number  of 
wires  increased ,  rubber-covered  wires  in  cables  were  used  to  run 
upon  poles  and  house-tops. 
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Some  use  was  also  made  of  overnead  cables  composed  of  cotton 
sattuated  with  beeswax  and  protected  with  rubber  tape  and 
braid.  As  might  be  expected  in  the  light  of  our  present  know- 
ledge, these  cotton  and  beeswax  cables  failed.  This  failure, 
taken  together  with  the  bad  experience  obtained  with  paraffin- 
covered  cotton  office  wires,  led  to  the  conclusion  that  cotton  was 
a  bad  insulator  and  for  some  time,  where  cables  were  employed, 
rubber  was  the  material  used. 

Owing  to  the  high  specific  inductive  capacity  of  rubber,  the 
transmission  obtained  through  rubber  cables  was  extremely 
defective  and  the  cross-talk  was  almost  intolerable. 

Experiments  were  also  made  with  rubber-covered  wires  at 
an  early  date,  laid  in  underground  ducts.  Theses  ires  were  un- 
protected by  lead  pipe,  and  besides  being  open  to  the  before  men- 
tioned objections  to  the  use  of  rubber  cable,  were  especially 
subject  to  decay  in  many  places  underground. 

All  of  these  experiences  led  to  a  search  for  something  better 
than  rubber.  Foremost  among  those  who  worked  upon  this 
problem  was  Mr.  William  R.  Patterson,  whose  scientific  investi- 
gations and  remarkable  practical  skill  brought  forth  a  cable 
consisting  of  cotton  and  paraffin,  in  this  respect  resem- 
bling very  much  the  cotton  and  beeswax  cable  which 
had  been  the  cause  of  so  much  disastrous  experience.  It  was 
difficult  to  convince  anyone  that  cotton  and  wax  could  be 
a  good  insulator,  but  it  was  shown  that  perfectly  dry  cotton 
was  an  excellent  insulator  and  that  the  former  failures  were 
due  to  the  fact  that,  owing  to  its  hygroscopic  nature,  cotton  had 
absorbed  moisture  from  the  atmosphere  and  in  the  process  of 
maniifacture,  and  thus  had  its  insulation  destroyed.  It  was 
demonstrated  that  if  the  cotton  core  of  the  cable  were  throughly 
dried,  in  an  oven  and  then  quickly  hauled  into  a  lead  pipe  and 
sealed  up  at  the  ends,  that  insulation  as  high  as  one  thousand 
megohms  or  more  per  mile  might  be  obtained,  and  that  this  high 
insulation  would  persist  us  long  as  moisture  was  kept  from  the 
core.  The  introduction  of  fuch  a  cable  involved  an  entirely 
new  s^ate  of  the  art  and  required  that  all  those  engaged  in 
telephone  construction  should  reform  their  ideas  in  the  light 
of  the  new  knowledge.  After  much  agitation  and  discussion, 
and  after  a  vigorous  campaign  of  education,  the  superiority  of 
the  fibre  cable,  properly  made  and  installed  and  maintained,  was 
demonstrated.  From  that  time  the  use  of  rubber  cable  began 
to  decrease. 

After  much  experience,  it  was  found  that  the  filling  of  wax 
might  be  omitted  from  the  cable  and  yet  the  moisture  could 
be  kept  out.  This  resulted  in  dry-core  cotton  cable,  which 
had  the  advantage  of  much  lower  capacity  than  the  filled  cable 
and  was  not  so  much  affected  by  heat  as  was  the  cable  contain- 
ing wax.  The  step  from  the  use  of  dry  cotton  to  the  use  of 
paper  was  a  very  important  one  and  accomplished  much  in  the 
way  of  economy. 
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The  underground  telephone  cable  of  to-daj  is  composed  of 
copper  wires  covered  with  paper,  all  enclosed  in  a  hermetically 
sealed  lead  pipe.  This  type  oif  cable  has  persisted  so  long  and 
seems  to  answer  its  purpose  so  well,  that  telephone  engineers 
are  fairly  well  content  with  it.  and  are  no  longer  agitated  by 
those  serious  questions  which  1  have  just  disctissed. 

The  tendency  in  cable  construction  and  in  telephone  line 
construction  generally  has  be^n  to  arive  rubber  insulation  out 
of  the  field  which  it  formerly  dominated.  Its  use  is  now  restricted 
to  distributing  wires,  inside  wiring,  and  certain  special  switch- 
board wiring.  While  the  use  of  this  rubber  insulation  has  rela- 
tively decreased  in  the  absolute  amotmts  used,  there  has  been  a 
tremendotis  increase  in  the  mileage  employed.  So  important  sti.l 
is  the  use  of  this  rubber  ^ire  that  the  question  of  its  durability 
and  cheapness  is  one  of  ver>'  great  concern,  and  I  am  glad  to 
see  that  in  the  paper  just  read  there  are  some  valuable  data 
concerning  the  durability  of  rubber  wire  imder  certain  condi- 
tions.    Reliable  data  on  this  subject  are  much  needed. 

The  open  wires  used  in  the  first  telephone  lines  were  usually 
made  of  iron,  and,  as  a  rule,  especially  when  employed  in  lines 
of  any  great   length,  they  gave  impaired  senice.     The  reasons 
for  this  are  of  course  now  well  understood,  but  at  the  time  of 
which   I   speak  not   much  was  known  concerning  the  laws  of 
transmission,  nor  of  the  electrical  and  magnetic  properties  of 
iron.      There  was  a  long  period  of  groping  in  the  dark.     Where 
long-distance  wires — at  that  time  forty  or  iifty  miles  was  long 
distance — were  used,  imperfect   results  were  obtained,  and  in 
some  cases  it  seemed  that  by  using  larger  iron  v^xTes  matters 
were  made  worse.     During  all  of  this  period  of  ftunbling  and- 
groping,  there  was  one  engineer  with  clear  vision  who  perceived 
that    if   copper   could    be   obtained   with    suitable   mechanical 
qualities,  it  would  be  an  excellent  material  for  telephone  lines. 
He  directed  his  attention  to  this  subject  and  produced  hard- 
drawn   copper   wire   in   suitable   form   for  telephone   lines.     I 
refer  to  Thomas  B.  Doolittle,  who  was  the  first  one  to  use  hard- 
drawn  copper  wire  as  the  material  for  telephone  lines.     Hard- 
drawn  copper  wire  was  thus  used  by  him  at  an  early  date  at 
Ansonia,  Conn.     The  results  obtained  were  satisfactory,  and, 
after  a  number  of  years  had  elapsed,  a  practical  demonstration, 
of  the  value  of  hard-drawn  copper  wire  for  long-distance  lines 
was  made  by  stringing  a  circuit  extending  from  Boston  to  New 
York.     The   sue  :ess  of  this   circuit,   using  hard-drawn  copper 
wire,  demonstrated  the  feasibility  of  long-distance   telephcwiy. 
Here  again  the  art  of  stringing  wires  had  to  be  reformed.     Line- 
men, foremen,  engineers,  and  managers  had  to  be  taught  how 
to  handle  the  new  material,  the  factories  had  to  be  instructed 
in  its  making,  and  even  a  new  joint  had  to  be  perfected.     The 
size  of  wire  to  be  used  had  to  be  determined,  and  this  was  found 
out    when  the  New  York- Philadelphia  long-distance  line  was 
established,    upon    which   wires   of    various   sizes   were  strung. 
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Those  which  were  mechanically  weak  were  eliminated  and  many 
valuable  data  were  obtained.  Since  those  times,  hard-drawn 
copper  wire  has  been  found  to  be  the  only  material  stiitable  for 
long-distance  lines.  Compound  wires  of  various  sorts  have 
been  suggested  from  time  to  time,  but  invariably  they  have  been 
foimd  unsatisfactory  for  long-distance  transmission.  What- 
ever use  they  have  must  be  for  local  lines  and  the  precise  function 
of  this  bimetallic  wire  in  such  lines  is  yet  to  be  generally  agreed 
upon. 

White  much  has  already  been  accomplished  in  the  perfection 
of  the  telephone  wire  plant,  much  still  remains  to  be  done; 
and  to  make  our  record  of  future  achievement  as  worthy  as 
that  which  has  already  been  accomplished  we  must  constantly 
direct  our  efforts  not  only  along  broad  and  comprehensive  lines, 
but  we  must  also  pay  strict  regard  to  each  and  every  one  of  the 
thousands  of  small  pieces  of  apparatus,  many  of  which  are 
dealt  with  in  the  paper,  and  all  of  which  go  to  make  up  the  sum 
total  of  the  telephone  wire  plant. 

Hammond  V.  Hayes :  The  methods  of  telephone  plant  develop- 
ment which  Mr.  Grace  has  described  represent  those  which  we 
are  now  employing  and  which  have  been  employed  by  the  Bell 
engineers  for  a  number  of  years  past.  Practically  every  city 
and  town  in  this  courtry  has  been  studied,  and  all  new  work  is 
carried  out  on  well-considered  lines  as  formulated  by  develop- 
ment plans  of  this  character. 

The  development  plan  is  simply  a  forecast,  what  someone, 
I  think  Mr.  Carty,  has  called  a  guess  based  on  scientific  or 
engineering  principles  as  to  what  may  be  expected  for  the  future 
of  the  telephone  business  in  eachpaiticular  locality.  So  diffi- 
cult is  this  forecast  of  the  future,  and  so  inadequate  are  any 
rules  or  formulas,  that  it  has  been  our  custom  to  employ  for 
this  work,  as  far  as  has  been  possible,  a  group  of  young  men 
who  have  gained  special  training  by  the  varied  experience  de- 
rived from  the  preparation  of  plans  of  this  character  for  cities 
and  towrs  scattered  throughout  the  country.  We  find  that  in 
many  parts  of  the  country  the  optimism  of  local  men  is  such 
as  unduly  to  distort  their  judgment  as  to  the  future  size  and 
importance  of  their  own  towns;  and,  occasionally,  although 
rarely,  there  is  such  insufficient  appreciation  of  telephone  possi- 
bilities that  there  is  a  tendency  to  create  plants  of  insufficient 
size!  Even  engineers  that  are  detailed  for  this  work  have 
methods  of  es  imaging  and  checldng  their  work  which  cannot 
be  definitely  formulated.  In  fact,  it  is  their  judgment  based 
on  wide  experience  which  prevails.  I  have  no  doubt  that  in 
very  many  cases  as  good  or  better  es'.imates  for  the  future  can 
be  made  by  men  of  good  judgment  and  good  sense  without 
resorting  wittingly  to  the  elaborate  method  such  as  we  describe; 
1  say  this  but  to  emphasize  the  fact  that  in  this  as  in  every 
other  engineering  problem  it  is  good  judgment  based  on  ample 
and  proper  premises  which  is  of  importance. 
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Mr.  Grace  has  talked  and  spoken  of  an  "  all-cable  "  plant. 
I  want  to  emphaaze  that  the  all-cable  plant  as  described  refers 
simply  to  the  distribution  of  lines  within  a  dty.  All  the  plan- 
ning done  in  every  city  and  town  in  the  coiintry  is  to  arrange 
the  plant  so  that  the  distribution  of  the  wires  to  the  sub-stations 
may  be  satisfactory  and  that  it  may  be  possible  that  each  sub- 
station in  each  town  \%ill  be  capable  of  talking  with  every  other 
sub-station  in  other  towns.  This  placing  of  lines  in  cables 
cannot  be  applied  to  the  wires  used  for  long-distance  circuits 
to  any  great  extent,  for  the  reason  that  the  cables  tend  to  cut 
down  the  efficiency  of  service;  what  must  be  done  is  to  keep 
the  wire  plant  of  the  system  not  only  the  best  possible  for  main- 
tenance reasons,  but  to  arrange  it  so  that  it  is  capable  of  render- 
ing possible  communication  over  the  widest  possible  range  of 
territory. 

I  am  much  interested  in  some  of  the  mechanical  features 
of  the  plans  that  Mr.  Grace  has  shown  us,  and  I  hope  that  I 
may  take  the  Uberty  of  speaking  of  the  cable-box.  Mr.  Grace 
has  with  great  modesty  said  but  little  about  it.  This  box  is 
his  own  work;  he  designed  it  and  perfected  it,  and  I  hope  that 
It  will  be  used  very  generally  in  the  future  throughout  the 
United  States. 

I  would  like  to  say  one  word  more  about  the  question  of  steel 
and  copper  wire,  following  substantially  the  same  thought  that 
was  in  Mr.  Carty's  mind.  Wire  of  this  character  was  used  some 
years  ago  in  this  country  and  has  been  on  the  market  in  Europe 
for  many  years.  I  am  very  glad  indeed  that  the  experiments 
with  this  wire  are  being  carried  out  by  Mr.  Grace.  I  hope  that 
he  will  continue  the  experiments,  and  will  tell  us  at  some  later 
time  what  his  success  is  and  if  such  a  wire  offers  an  additional 
means  of  line  distribution.  I  feel,  however,  that  the  wire  plant  is 
so  important  a  feature  of  the  telephone  system  that  it  would  be 
well  to  go  slowly  and  consider  a  material  of  this  character  as  an 
experiment  until  such  time  as  it  has  been  more  thoroughly  tried 
out. 

G.  M.  Yorke:  The  system  described  by  Mr.  Grace  contains 
a  minimum  amount  of  open  wire.  As  Mr.  Hayes  has  said, 
this  system  is  mainly  used  for  connecting  the  subscribers' 
stations  with  the  nearest  central  office.  This  portion  of  the 
plant  has  to  be  made  compact  and  sightly.  But  a  large  per- 
centage of  its  use  is  merely  for  communications  between  stations 
im\y  a  very  few  miles  apart.  Now,  when  we  consider  that 
other  very  important  portion  of  the  telephone  plant,  used  for 
connecting  central  offices  together  many  miles  apart,  hundreds 
of  miles  apart,  we  see  that  such  an  extensive  use  of  cable  is 
quite  impossible.  The  reason  for  this  is  that  cable  circuits 
have  always  been  very  inefTicient  in  transmitting  speech.  This 
inefTiciency  still  exists  in  spite  of  the  improvements  in  cable 
manufacture  that  have  been  touched  upon  and  also  in  spite  of 
other  general  improvements  in  the  art.    As  an  example  of  the 
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inefliciency  of  cable  drcmts,  take  the  type  of  drciut  used  for 
the  longest  distances  in  this  country.  These  circuits  are  about 
fifty  times  as  eflicient  as  the  form  of  cable  circuit  described  by 
Mr.  Grace,  and  used  so  largely  for  subscribers'  lines.  In  other 
words,  one  of  the  regular  lines  from  New  York  to  Chicago  talks 
as  well  in  volume  and  in  quality  as  a  cable  circuit  only  twenty 
miles  long  of  the  sort  described  by  Mr.  Grace.  A  further  point 
is  that  if  we  connect  only  ten  miles  of  such  cable  to  this  long 
open  wire  circuit,  it  is  necessary,  in  order  to  keep  the  trans- 
mission eHiciency  at  the  same  point  of  loudness  and  quality, 
practically  to  double  the  weight  of  copper  in  the  long  line  circuit. 
Of  course  this  is  an  extreme  illustration.  In  view  of  this  relative 
inefliciency  of  cable  circuits,  we  are  not  going  to  speak  right  away 
of  an  all-cable  long-distance  plant.  It  is  necessary  to  bring  the 
open  wires  as  near  to  the  center  of  the  terminal  cities  as  is 
practicable  and  to  keep  all  cable  out  of  intermediate  cities  if 
we  can.  This  becomes  more  and  more  necessary  in  view  of  the 
increasing  amount  of  cable  that  it  is  necessary  to  use  in  sub- 
scribers' lines.  I  simply  want  to  point  out  that  the  open  wire 
is  not  to  be  abandoned  just  because  it  is  unsightly.  We  are 
going  to  keep  it  if  we  are  going  to  keep  long-distance  telephone 
service. 

F.  L.  Gilman:  As  has  been  said  several  times,  a  material 
advance  has  been  made  in  the  art  of  cable  manufacture,  and  the 
present  paper-insulated  cable  has  been  used  in  its  present  form 
for  a  good  while  with  satisfaction.  One  great  effort  in  recent 
years  has  been  in  the  direction  of  getting  more  wires  into  a  given 
amount  of  space  without  increasing  too  much  those  electrical 
characteristics  of  the  cable  which  are  harmful  to  transmission, 
and  without  using  sizes  of  wire  that  cannot  be  handled  easily. 

Mr.  Grace  has  spoken  of  the  braided  rubber-covered  wire  used 
between  the  cable  terminals  and  the  subscribers'  stations.  Per- 
haps if  I  outline  briefly  the  conditions  which  obtain,  the  problem 
of  this  rubber-covered  wire  will  be  realized  more  clearly.  In 
telephone  lines  there  is  constantly  a  difference  of  potential 
existing  between  the  two  sides  of  the  line  and  between  one 
side  of  the  line  and  ground;  and  throughout  its  entire  length, 
in  the  kind  of  distribution  of  which  Mr.  Grace  has  been  speaking, 
the  line  is  composed  of  twisted  wire.  This  is  true  of  the  rubber- 
covered  wire  as  well  as  of  the  rest  of  line.  The  two  wires  are 
twisted  together  to  keep  outside  disturbances  from  affecting 
the  telephone  transmission.  Furthermore,  the  resistance  of 
the  part  of  the  circuit  including  the  rubber-covered  wire  has 
c-ertain  limitations.  Then  again,  as  can  be  seen  from  the 
pictures,  this  part  of  the  plant  runs  anywhere  and  everywhere; 
it  is  on  walls  and  fences;  it  is  generally  outdoors  where  it  is  ex- 
posed to  sleet  and  rain ;  in  the  summer-time  it  is  subjected  to 
excessive  heat,  and  in  the  winter-time  to  extreme  cold.  In 
other  words,  +his  wire  is  everywhere  in  the  system  and  in  nearly 
every  telephone  line  in  the  large  cities. 
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Saw^  it  the  wire  is  not  in  first  class  conditioa  and  has  not 
first-class  insulation  there  are  a  nomber  of  different  troobies 
that  exist.  In  the  first  place,  there  is  a  waste  of  current  and 
the  possibility  of  electrolysis.  Tnen  there  is  sensitive  apparatus 
in  the  central  office  which  will  be  affected.  More  important  than 
these  is  the  transmission  which  is  also  in  jeopardy.  If  tbete 
is  a  leak  on  one  wire  of  the  pair,  the  line  will  be  noisy;  or  if  there 
is  a  leak  between  the  two  wires  of  a  pair,  reduced  transmission 
will  result  because  of  the  short-circuit.  Another  reason  for 
first-lass  insulation  is  the  fact  that  this  braided  rubber-covered 
wire  is  fairly  expensive  to  start  with,  and  the  running  of  it  is 
also  expensive,  so  the  life  has  to  be  long  in  order  to  make  such 
construction  economical.  Furthermore,  because  of  the  moving 
of  subscribers,  this  wire  may  have  to  stand  taking  down  and 
putting  up  again. 

What  I  want  to  bring  out  clearly  is  the  fact  that  it  is 
requisite  that  the  wire  used  for  this  purpose  shall  be  of  first-dass 
quality  and  maintain  its  insulation.  Of  course  we  are  more 
or  less  familiar  with  braided  rubber-covered  wire,  bttt  perhaps 
we  have  not  all  realized  just  what  the  vital  point  is.  The  rubber 
compound  itself  will  not  last  unless  it  is  properly  protected. 
The  usual  method  of  protecting  the  braid  is  a  cotton  braid, 
but  that  will  not  stand  the  heat  and  rain  of  summer  unless  it 
is  properly  protected,  so  the  whole  gist  of  the  matter  is  the 
protection  of  the  braid — some  protection  that  will  not  run  off 
m  summer  and  will  not  crack  in  winter. 

Kempster  B.  Miller:  I  \^'ish  that  the  Institute  might  have  more 
telephone  papers  of  this  kind,  wherein  plants  in  different  parts  of 
the  country  are  described  not  only  in  general  terms  but  with  a 
o^msiderable  amount  of  detail.  Such  description  of  practices  in 
different  parts  of  the  country,  and  a  frank  discussion  of  them, 
are  just  as  necessary  and  desirable  in  telephony  as  in  any  of 
the  other  arts,  and  I  think  perhaps  more  necessary,  because 
they  have  been  less  common. 

It  is  often  interesting  to  watch  the  tendency  of  growth  in  the 
development  of  any  art.  From  what  has  been  said  to-night, 
it  is  evident  that  there  is  a  tendency  to  decrease  gradually 
the  use  of  bare  wire  in  local  telephone  plants — I  am  speaking 
of  the  local  plant  as  distingu;  hed  from  the  long-distance  plant. 
There  are  some  who  contend  that  there  should  be  absolutely 
no  bare  wire  in  a  local  telephone  plant,  and  several  plants  of 
consideraVjle  magnitude  have  been  constructed  in  which  I  under- 
stand there  is  not  a  foot  of  bare  wire.  The  practice  that  Mr. 
Grace  has  outlined  stops  just  short  of  this  extreme,  and  it 
seems  to  me  that  it  stops  in  just  the  right  place.  To  say  that 
there  shall  be  absolutely  no  bare  wire  in  the  plant,  simply  for 
the  purpose  of  being  able  to  boast  that  there  is  none,  is  in  the 
nature  of  riding  a  hobby  rather  than  of  good  engineering. 

Another  tendency  that  has  been  brought  out,  not  only  by 
Mr.  Grace  but  by  Mr.  Carty  and  others,  is  the  diminishing  use  at 
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rubber-insulated  wire  in  telephone  plants.  Not  long  ago 
we  did  put  a  little  rubber  wire  into  almost  every  cable;  that  is, 
at  the  outer  end  of  the  cables.  The  practice  that  Mr.  Grace 
describes  does  away  with  this  in  a  large  measure,  certainly  on 
all  the  small  cables.  He  terminates  the  paper  cable  directly 
in  a  terminal  sealed  with  an  insulating  compound  so  that  there 
is  no  rubber-covered  wire  in  that  part  of  the  plant.  This  means 
that  the  only  rubbei'-covered  wire  is  in  the  drop  wires  and 
in  the  house  wires. 

Perhaps  after  hearing  of  the  beauties  of  the  paper  cable  as 
outlined  by  Mr.  Carty,  people  in  other  arts  than  telephony  may 
be  so  impressed  that  they  will  adopt  paper  cable  where  ?t  may 
be  dangerous  to  do  so.  The  paper  cable  is  used  in  telephony 
because  there  is  no  other  form  of  cable  that  we  know  of  to 
take  its  place.  Whatever  may  be  said  of  paper  cable,  it 
is  subject  to  one  very  serious  drawback — ^any  slight  puncture 
of  the  sheath  is  liable  to  put  all  the  i^ires  out  of  business.  While 
such  troubles  as  these  are  readily  repaired,  yet  they  are  very 
apt  to  occur.  In  other  systems  of  communication  where  the 
high  frequencies  of  telephony  are  not  employed,  it  is  feasible  to 
use  rubber,  or  gutta-percha,  insulated  wires,  and  their  reliability 
is  infinitely  greater  than  that  of  paper-covered  wire.  For  this 
reason  where  the  cable  is  difficult  of  access,  as  in  submarine 
work,  or  where  reliability  is  of  paramount  importance,  as  in  the 
fire-alarm  telegraph,  the  paper  cable  has  little  place. 
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LIGHT  FROM  GASEOUS  CONDUCTORS  WITHIN  GLASS 
TUBES— THE  MOORE  LIGHT 


BY    D.    MCPARLAN    MOORE 


Energy  can  be  conveniently  classified  under  six  general 
heads:  mechanical  motion,  sotmd,  heat,  electricity,  light, 
chemism. 

The  term  "  light  "  should  be  used,  not  as  the  name  of  an 
effect  on  the  eye,  but  to  designate  one  of  the  great  divisions  of 
all  energy.  Each  division  always  contains  a  percentage  of 
all  the  other  divisions,  and  the  less  this  percentage  the  purer  is 
the  division  sought  after.  The  less  heat,  etc.,  light  contains 
the  more  efficient  we  call  it.  Science  should  know  how  efficiently 
to  change  or  convert  any  one  of  these  divisions  into  any  other 
one.  For  example,  we  do  know  how  efficiently  to  change 
electricity  into  mechanical  motion;  namely,  by  the  use  of  an 
electric  motor,  but  we  are  ignorant  concerning  many  of  the  other 
29  combinations,  which  indicates  that  there  remains  plenty  of 
scientific  work  to  be  done  by  future  generations. 

Since  all  energy  is  really  the  same  thing,  we  should  become 
proficient  in  magnifying  or  suppressing,  at  will,  any  particular 
division  or  divisions,  corresponding  with  rate  of  vibrations 
wliich  we  have  settled  upon  and  named  largely  because  they  affect 
in  a  distinctive  manner  the  different  organs  of  our  bodies. 

Some  years  have  passed  since  I  first  realized  that  there  then 
existed  no  form  of  artificial  light  that  could  truthfully  be  said 
to  imitate  daylight.  Believing  unalterably  that  such  a  light 
was  to  be  the  next  logical  step  of  great  importance  in  artificial 
illumination,  I  commenced  an  investigation  that  still  continues. 

To  duplicate  daylight  closely,  three  premises  were  soon  de- 
termined upon  which  have  never  been  abandoned : 

605 
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1.  Large  light  source,  the  practical  solution  being  a  long 
glass  tube  emitting  light. 

2.  Use  electricity  flowing  through  a  gaseous-con ductoi,  not  a 
solid  conductor. 

3.  Perfect  imitation  of  daylight  color  values. 
Immediately  on  beginning  investigation  on    these   premises, 

the  gaseous-conductor  became  the  factor  of  greatest  importance. 
The  life  of  the  first  lamps  or  tubes  constructed  was  extremely 
short,  since,  as  then  expressed,  "  the  vacutmi  deteriorated  " 
Up  to  date,  foiu*  methods  have  been  developed  and  used 
and  thousands  of  experiments  have  been  made  concerning  the 
replenishing  of  the  gas  and  thereby  overcoming  this  vital 
difficulty  of  the  gaseous-conductor  becoming  non-conducting, 
due  to  the  peculiar  chemical  reaction  that  must  occiu*  when 
electricity  passes  from  a  solid  conductor  to  a  gaseous-conductor. 
These  methods  are  as  follows : 

1.  By  obtaining  a  cycle  of  events  through  catal3rtic  action. 
The  intensity  of  light  possible  was  found  to  be  very  low. 

2.  Obtaining  a  cycle  by  evaporation  and  condensation. 
Probably  mercury  is  the  only  element  that  can  ever  be  used  in 
this  way  in  glass  tubes. 

3.  By  re-supplying  the  necessary  gases  automatically  by 
the  action  of  heat  on  suitable  substances. 

4.  By  automatically  feeding  gas  to  the  tube  when  needed, 
which  is  the  method  used  at  the  present  time. 

Inventing  intricate  theories  for  explaining  vacuum-tube 
phenomena  was  easy  compared  with  furnishing  a  merchant  a 
practical  tube  light  to  sell  his  goods  under.  For  some  years 
past  there  has  existed  a  great  mass  of  theoretical  literature  on 
gaseous  conduction  etc.,  but  practically  none  that  dealt  with 
watts  and  hefners  imder  commercial  conditions.  The  old 
**  pith-ball  **  phenomena  of  elementary  physics  is  still  a  good 
working  hypothesis  for  explaining  the  passage  of  electricity 
through  gases,  especially  at  less  than  atmospheric  pressures. 
It  is  apparent  that  movements  of  the  almost  infinitely  small 
**  pith-balls  "  or  ions  is  regulated  largely  by  the  potential  and 
degree  of  vacuum.  A  collision  of  two  moving  bodies  results 
in  heat.  The  general  law  of  all  light  sources  applies  also  to  the 
vacuum-tube  light:  namely,  the  higher  the  temperature  the 
greater  the  efficiency.  The  absolute  temperature  of  the  in- 
dividual particles  of  matter  within  the  tube  after  collision  is 
greater  than  that  of  any  other  temperature  on  earth.     But 
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the  quantity  .of  heat  of  each  of  these  ultra  incandescent,  though 
infinitesimal,  bodies,  is  so  small  that  there  results  that  which  at 
first  would  seem  paradoxical:  namely,  the  "coldest"  source 
of  light.  In  this  expression  we  crudely  refer  to  the  external 
temperattire  of  the  entire  tube.  Some  gases  are  easily  ionized 
and  conduct  well,  yet  give  practically  no  light,  which  may 
indicate  that  their  chemical  constituency  and  therefore  their 
emissivity  is  not  suitable  for  light  production. 

In  two  previous  papers  which  I  had  the  honor  to  present 
to  this  Institute*,  certain  statements  were  made  as  to  what 
would  probably  be  the  system  of  illumination  which  would 
finally,  in  great  measure,  supplant  the  systems  then  and 
now  existing.  The  subject  of  improved  artificial  lighting 
methods  is  one  of  the  greatest  economic  problems  of  the  day. 
Time  and  space  will  not  permit  in  this  paper  a  historical  review 
either  of  these  investigations  or  of  the  art  as  a  whole.  The 
way  has  been  long  and  strenuous,  but  always  interesting. 
Careless  criticism  has  been  plentiful  and  professional  support 
rare.  The  system  herein  described  has  become  known  as  the 
**  Moore  Light  **  and  therefore  I  trust  you  will  pardon,  on 
simply  the  groimd  of  expediency  and  brevity,  my  reference 
also  to  it  by  that  name,  there  being  no  alternative. 

The  present  system  has  passed  the  experimental  stage. 
It  is  a  result  of  twelve  years  of  experimenting,  but  its  advance 
from  year  to  year  has  always  been  steady.  It  is  now  fitting  that 
an  authoritative  technical  record  be  made  of  the  essential  facts 
at  present  connected  with  it.  At  the  outset  I  venture  to  assert 
that  if  one  thoroughly  versed  in  the  art  of  illumination  should 
formulate  entirely  on  theoretical  lines  complete,  ideal  specifica- 
tions for  an  artificial  illuminating  system,  that  he  would  uncon- 
sciously describe  he  essential  features  of  the  lighting  system 
described  in  this  paper.  It  contains  no  **  make  and  break  " 
apparatus  whatever. 

For  many  years  all  scientists  have  agreed  that  a  vacuum- 
tube  light  would  be  right  theoretically:  commercial  men  who 
have  had  their  electric  lighting  bills  reduced  now  know  of  its 
practical  value. 

The  illumination  of  this  assembly  room,  Fig.  1 ,  at  the  present  mo- 
ment by  a  so-called  Moore  vacuum  tube,  greatly  facilitates  making 
clear  not  only  its  mechanical  construction,  but  also  its  many  other 

*  "  A  New  Method  for  the  Control  of  Electric  Energy,"  September  20, 
1893;  "  Recent  Developments  in  Vacuum  Tube  Lighting/'  April  22,  1898. 
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salient  advantages  and  characteristics.     The  electrical  energy 
is  obtained  from  the  alternating-current  street  mains. 

It  will  be  noted  that  the  light  emanates  with  absolute  uniform- 
ity from  the  entire  area  of  a  single,  continuous  glass  tube  1.76  in. 
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in  diameter  in  the  form  of  a  large  rectangle  62  ft.  by  25  ft. 
which  is  supported  on  the  cove  designed  to  conceal  the  in- 
candescent lamps.  The  glass  tube  is  13  in.  from  the  ceiling 
and  16  ft.  from  the  floor,  as  shown  by  Fig.  2. 
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It  is  supported  by  plain  brass  rings  1 J  in,  in  diameter  attached 
to  small  procelain  insulators  inserted  in  the  ends  of  brass  fixture 
tubing  which  of  course  contains  no  wires. 

The  two  ends  of  this  continuous  tube  at  the  center  of  the  rear 
side  of  the  rectangle  approach  within  such  a  short  distance  of 
each  other  that  the  gap  is  scarcely  discernible  from  the  floor. 
They  then  extend  horizontally  through  the  wall  and  into  a  rigid 


Fig.  3 — Interior  of  terminal  box 


Steel  terminal-box  located  on  the  wall  of  the  closet  at  the  rear 
of  the  hall.  This  terminal-box  contains  all  the  necessary 
electrical  apparatus  and  corresponds  in  form  and  size  with  that 
shown  in  Fig.  3.  It  is  fed  by  GO-cycle  alternating  current 
at  220  volts.  Besides  the  two  carbon  electrodes  of  the  tube, 
the  terminal-box  contains  a  step-up  transformer  and  a  small 
specially  designed  valve  with  its  solenoid,  which  represents 
an  entirely  new  departure  in  vacuum  tube  lighting  and  also 
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one  that  is  vital  to  its  success.  The  electrical  circuits  from 
this  apparatus  are  extremely  simple  and  are  sho\^'n  in  Fig.  4. 
There  is  no  distributed  or  high-potential  wiring.  The  high- 
potential  terminals  of  the  transformer  within  the  terminal- 
box  are  only  two  or  three  inches  in  length  and  are  attached 
directly  to  the  electrodes  within  the  box.  All  the  high-potential 
wires,  therefore,  always  remain  within  the  box  which  has  a  wire 
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DIAGRAM   SHOWING    ESSENTIAL 
FEATURES  OF  THE  MOORE  LIGHT. 
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seal  placed  upon  it.  A  hand  can  be  placed  on  each  of  the  glass 
tubes  near  where  they  emerge  from  the  two  holes  in  the  side  of  the 
box,  but  the  glass  tubes  insulate  the  gaseous-conductor  within 
them  so  well  that  no  shock  can  be  felt. 

Since  the  feeder-valve  operated  by  the  solenoid  just  mentioned 
is  an  essential  feature  of  this  system,  a  description  of  its  operation 
will  be  interesting.  Any  vacuum  tube  when  commercially 
luminous  will,  in  a  few  minutes,  seriously  alter  the  degree  of  its 
vacuum  unless  special  provision  be  made  to  replenish  its  gaseous- 
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conductor.  Due  to  the  flow  of  ciurent,  a  portion  of  the  residual 
gas  within  the  tube  is  absorbed;  that  is,  changed  to  a  solid  form, 
and  thereby  the  degree  of  vacuum  in  the  tube  becomes  higher. 
This  higher  degree  of  vacuum  so  increases  the  resistance  of 
the  tube  that  at  first  the  light  simply  becomes  unsteady  but 
rapidly  changes  to  a  condition  of  violent  spasmodic  flickering, 
which  soon  entirely  ceases  and  the  tube  gives  no  light  whatever. 
The  light  has  actually  died  for  want  of  air.     This  simple  fact 


Fig.  T) — Feeder- valve 


was  not  recognized  for  many  years  by  prominent  investigators 
in  this  line  of  phenomena.  The  problem,  therefore,  was  to 
devise  thoroughly  practical  means  for  replenishing  the  gaseous- 
conductor  of  a  vacuum  tube.  This  is  the  function  of  the  feeder- 
valve  which  permits  air  or  other  gas  to  enter  the  tube  only  when 
it  is  needed  and  in  such  a  manner  that  it  is  entirely  automatic. 
.\  piece  of  }  in.  glass  tubing  is  supported  vertically,  see  Fig.  5, 
its  bottom  end  is  contracted  into  a  }  in.  glass  tube  which  extends 
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to  the  main  lighting  tube.  At  the  point  of  contraction  at  the 
bottom  of  the  |  in.  tube  there  is  sealed  by  means  of  cement 
a  i  in.  carbon  plug,  the  porosity  of  which  is  not  great  enough  to 
allow  mercury  to  percolate  through  it  but  which  will  permit 
gases  easily  to  pass,  due  to  the  high  vacuum  of  the  lighting 
tube  connected  to  the  lower  end  of  the  plug,  and  approximately 
atmospheric  pressure  above  it.  This  carbon  plug  is  normally 
completely  covered  with  what  would  correspond  to  about  a 
thimbleful  of  mercury  which  simply  seals  the  pores  of  the 
carbon  plug,  and  therefore  has  nothing  whatever  to  do  with  the 
conducting  properties  of  the  gas  in  the  main  tube  which  produces 
the  light.     Partly  immersed  in  the  mercury  and  concentric 
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with  the  carbon  plug,  is  another  smaller  and  movable  glass 
tube,  the  upper  end  of  which  is  filled  with  soft  iron  wire,  which 
acts  as  the  core  of  a  small  solenoid  connected  in  series  with  the 
transformer.  The  action  of  the  solenoid  is  to  lift  the  con- 
centric glass  tube  partly  out  of  the  mercury,  the  surface  of 
which  falls  and  thereby  causes  the  minute  tip  of  the  conical 
shaped  carbon  plug  to  be  slightly  exposed  for  a  second  or  two, 
and  an  extremely  small  quantity  of  air  or  other  gas  filters 
through  it  and  then  finds  its  way  into  the  vacuum  tube  proper. 
In  normal  operation,  most  of  the  tubes  expose  this  carbon  tip 
for  about  one  second  every  minute.  Therefore,  this  system, 
broadly  speaking,  consists  in  continuously  burning  air  electrically. 


1907] 


MOORE:  THE  MOORE  UGHT 


613 


Fig.  6  will  explain  the  theory  of  this  action  still  more  clearly. 
This  curve  shows  the  relation  between  conductivity  and  degree 
of  vacuum.  Of  course  there  must  be  a  critical  degree  of  vacuum 
at  which  the  conductivity  is  a  maximum ;  this  point  corresponds 
to  X.     By  means  of  the  adjusting  screw  at  the  top  of  the.  solenoid 


Fig.  7 — Lobby  of  a  theatre 


the  degree  of  vacuum  is  kept  normally  at  a  lower  vacuum  cor- 
responding with  y,  therefore  as  the  electricity  uses  up  the 
gaseous-conductor,  the  vacuum  of  course  becomes  higher, 
the  conductivity  better,  and  a  greater  current  flows  through  the 
solenoid  causing  it  to  lift  the  displacer  and  expose  the  carbon 
tip  above  the  surface  of  the  mercury.     In  viewing  its  action,  one 
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is  vividly  reminded  of  a  mud-turtle  taking  a  breath  of  air  on  a 
mill-pond.  As  others  have  expressed  it,  this  apparatus  actually 
breathes.  Immediately  upon  the  air  being  admitted  the 
vacuum  falls,  its  resistance  increases,  and  the  current  through 
it  decreases  as  does  also  the  current  from  the  mains;  therefore, 
the  feeder  magnet  weakens  and  the  displacer  falls,  thereby 
shutting  off  the  air  or  gas  inlet.  This  cycle  is  repeated  about  once 
a  minute  throughout  the  life  of  the  tube,  which  is  indefinitely 
long.  Of  course  when  the  tube  is  not  in  service  there  is  no  leak- 
age of  air  or  other  gas  through  the  mercury  covering  the  plug. 

The  following  comparative  illumination  tests  were  made  be- 
tween the  Moore  tube  located  in  the  lobby  of  a  large  theatre 
(Fig.  7)  and  the  incandescent  lamps  formerly  used  to  light  the 
same  area 

Illumination  Measurements  in  Hepner  Feet  in  the  Lobby  op  a 

Theatre  Moore    Incandescent 

Station  Tube  System 

1 0.795  1.05 

2 2.33  1.05 

3 6.48  1.27 

4 4.38  1.25 

5 3.48  1.25 

6 3.81  1.34 

7 3.20  1.05 

8 3.30  1.34 

0 2.86  1.02 

10 2.73  0.88 

11 2.20  0.74 

12 1.19  0.62 

13 3.39  1.14 

14 3.47  1.14 

15 2.96  1.25 

16 3.30  1.31 

Mean  illumination  (average  hefner-feet  of  16  sta- 
tions)   3.12  1.09 

Average  variation  from  mean 27%  16% 

volts 222  a.c.  115  d.c. 

Amperes 21  51 .  75 

Watts  total » 3075  5470 

Power-factor 66  

Area  square  feet 2110  2110 

Watts  per  square  feet 1.46  2.82 

Mean  hefner-foot  x  area 

Illuminating  efficiency  watts      ~  ■'  2.15  0.39 

Therefore  the  tube  system  has  5.1  times  the  illuminating 
efficiency   of  the   incandescent   lamp   system   under   the   same 
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local  conditions.  The  useful  illumination  has  been  increased 
450%,  yet  the  current  consumption  is  reduced  45%. 

Although  there  are  many  factors  which  it  is  necessary  not 
to  lose  sight  of  in  determining  the  true  value  of  any  form  of 
illuminant,  nevertheless  the  sine  qua  non  is  the  matter  of  effi- 
ciency. Does  this  apparatus  produce  more  light  for  a  given 
expenditure  of  energy  than  the  other  forms  of  illuminants  'with 
which  it  must  naturally  compete,  is  a  question  of  vital  im- 
portance? 

A  new  and  excellent  type  of  portable  illuminometer  recently 
developed  by  Mr.  Marshall  was  used  to  make  these  illumination 
measurements.  At  all  stations  it  was  placed  32  in.  from  the 
floor,  although  the  floor  of  the  lobby  slopes  towards  the  entrance 
end. 

Fig.  8  shows  a  plan  and  elevation  of  this  lobby.  The  tube 
is  not  provided  with  a  reflector  of  any  kind  and  therefore  the 
ceiling  was  much  brighter  than  when  the  incandescent  lamps 
were- used,  most  of  which  were  located  directly,  on  the-xeiling. 
The  walls  and  ceiUng  are  covered  with  a  buff-colored  paint.  The 
tube  operated  directly  from  the  street  mains,  220  volts,  60 
cycles,  single  phase. 

If  this  tube  had  been  longer  its  efficiency  would  have  been 
still  better,  and  by  equipping  it  with  a  simple  white  reflecting 
enamel  on  the  exterior  of  its  upper  half  it  would  have  had  the 
benefit  of  a  reflecting  surface  like  most  other  forms  of  light  in 
normal  operation.  Measurements  of  tubes  so  equipped  show 
an  efficiency  corresponding  to  less  than  one  watt  per  hefner 
and  therefore  approaching  the  theoretical  limit  for  a  light  of 
such  a  commercially  good  spectrum. 

The  entire  basement  floor  of  a  department  store,  which  is 
solely  lighted  by  four  tubes  each  about  200  feet  in  length,  is 
shown  in  Fig.  9.  This  basement  was  formerly  lighted  with 
enclosed  alternating-current,  6-ampere,  60-cycle  arc  lamps. 
The  goods  are  generally  displayed  on  tables  and  shelves  on  the 
side  walls,  and  the  plane  of  measurement  was  chosen  at  the 
average  height  of  the  tables;  that  is,  36  in.  from  the  floor. 

The  ceiling  is  10  ft.,  3  in.  high  and  coated  with  gray  paint. 
**B^'  tube  is  199  ft.  long,  operating  directly  from  the  60-cycle 
street  mains ;  that  is,  there  are  no  auxiliary  devices  to  be  taken 
into  account,  as  with  some  other  forms  of  light.  The  center 
of  the  tube  is  8  ft.,  9  in.  above  the  floor  and  the  center  of  the  arc 
lamp  8  ft.,  6  in.  above  the  floor.     It  was  noted  that  various 
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articles  are  suspended  from  the  ceiling  in  this  department,  and 
that  with  the  tube  light  the  ceilings  and  walls  were  well  illu- 
minated, while  with  the  arc  lamps,  due  to  their  reflecting  shades, 
the  ceilings  and  walls  were  very  dark. 

The  following  comparative  illumination  tests  were  made 
between  tube  '*  B  '*  when  fed  with  pure  nitrogen  and  therefore 
giving  a  yellow  light,  and  the  nine  arc  lamps  provided  with 
15-in.  white  opalescent  reflector  shades  formerly  used  to  illu- 
minate the  same  area. 

Illumination  Measurements  under  Tube  '*  B,"  Department  Store 

Moore     *Arc  Lamp 
Station  Tube  System 

Vert.  1 V  2.84  1.30 

2 1.76  1.14 

3 4.66  1.25 

4 2.02  0.68 

6 2.84  0.59 

6 3.75  0.75 

7 1.34  0.45 

8 1.91  0.68 

Vert.  9 1.09  0.79 

10 4.30  3.30 

11 2.24  2.80 

12 1.71  1.06 

13 2.64  1.72 

14 2. 16  1.31 

15 3.73  1.08 

16 ; 2.14  1.33 

17 .  2.02  0.45 

18 2.24  1.02 

19 2.24  1.42 

20 1.82  0.73 

21 2.56  0.82 

22 5.05  0.79 

Mean  illumination  (average  hefner-feet  of  22  sta- 
tions)   2.6  1.16 

Average  variation  from  mean 31 . 8%  40 . 4% 

**        volts 230               122 

Amperes 24  53 . 1 

Watts  total 3500  4500 

Power-factor 62.5%             70 

Area  square  feet 3753  3753 

Watts  per  square  feet 0.93  1.2 

,„       .       .         ^  .  Mean  hefner-foot  x  area 

lUummatmg  efficienc v 2.79  0 .  967 

watts 
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Therefore  the  tube  system  with  yellow  light  has  2.9  times 
the  illuminating  efficiency  of  the  enclosed  arc-lamp  system 
under  the  same  local  conditions. 


////////, '///^^j^'/  /  / 


The  efficiency  of  this  tube  in  terms  of  watts  per  hefner  in- 
stead of  watts  per  hefner-foot  was  determined  by  direct  photo- 
metric measuiement  instead  of  bv  illuminometer  measurements. 
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An  accurately  constructed  photometer  placed  upon  this  tube 
showed  it  to  be  operating  at  12  hefners  per  foot,  which  is  equiv- 
alent to  2388  total  hefners  and  an  efficiency  of  1.4  watts  per 
hefher  power  from  the  street  mains.  This  figure  is  obtained 
by  simply  dividing  the  total  watts  delivered  to  the  tube  from 
the  city  service  mains  by  the  total  number  of  hefners.  This 
bunsen  photometer  consists  of  a  black  wooden  box  5  in.  square 
and  exactly  3  ft.  between  light  sources.  The  tube  passes 
through  one  end  of  this  box  transversely  while  at  the  other  end 
is  located  a  certified  standard  Reichsanstalt  hefner-von  altneck 
amyl  acetate  lamp.  If  the  losses  of  the  terminal  box  are  de- 
ducted, the  actual  efficiency  of  this  tube,  simply  as  a  light 
source — ^which  is  the  manner  in  which  practically  all  other  light 
sources  are  usually  rated — reaches  the  remarkably  high  figure 
of  1.3  watts  per  hefner.     When  a  Moore  tube  is  diffusing  its 


Fig.  10 — Basement  of  department  store 

yellow  light,  one  seems  at  least  to  be  able  to  see  far  better  than 
when  it  is  producing  the  same  hefner  power  of  white  light. 

The  useful  illumination  has  been  increased  220%.  yet  the 
current  consumption  reduced  22%;  this  amounts  to  a  saving 
of  10c.  per  kilowatt-hour.  At  65  hours  per  week  this  means 
$338.00  per  year  on  this  one  tube.  On  the  four  tubes  for  the 
entire  basement  it  means  a  saving  of  $13150.00  per  year. 

On  account  of  the  remarkable  color  qualities  of  the  white 
Moore  light,  a  request  was  made  to  change  two  of  these  yellow 
tubes  over  the  china  department  to  a  white  color,  and  the  fol- 
lowing comparative  illumination  tests  were  made  between 
tube  **  C,**  211  ft.  long,  when  fed  with  pure  carbon  dioxide  gas, 
and  therefore  giving  a  white  light,  and  the  ten  6-ampere,  60-cycle 
arc  lamps  provided  with  12  in.  spherical  opalescent  globes. 

Fig.  10  is  a  photograph  of  this  department  taken  solely  by 
the  light  of  the  tube. 
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Illumination  Measurements  under  "  C/'  Tube  Bambbrgbr  Base- 
ment 

Moore      Arc  Lamp 
Station  Tube  System 

1 0.91  0.34 

2 1.71  1.73 

3 0.89  0.36 

•i 0.75  0.40 

5 1.06  0.63 

6 2.18  1.51 

7 1.31  0.97 

8 0.47  0.46 

9 0.49  0.29 

10 1.11  0.51 

11 1.96  0.54 

12 0.88  0.57 

13 • 0.66  0.23 

14 0.63  0.32 

15 . 1.71  1.11 

16 1.25  0.43 

Mean  illumination  (average  hef.nerfeet  of  16  sta- 
tions)   1.12  0.65 

Average  variation  from  mean 37.5%  51 .7% 

volts 227  122       ; 

Amperes   42  59 

Watts  totr.l 5750  5000 

Power-factor 61%  70% 

Area  square  feet 4275  4276 

Watts  per  square  foot 1 .  34  1. 17  * 

.      .  Mean  hefner-foot  x  area  ^„  ^     ^ 

Illummatmg  efficiency 0.83  0.66 

watts 

Therefore  the  white  tube  is  1 .5  times  more  efficient  than  the 
enclosed  arcs. 

The  delicately  colored  china  ware  is  now  exhibited  under  exact 
daylight  conditions,  and  the  general  illumination  is  a  marked 
improvement  over  that  furnished  by  the  arc  lamps.  The 
fact  should  be  emphasized  that  the  arc  lamps  hung  much  lower 
than  the  tube  and  produced  a  bad  effect.  The  arc  proper  of 
the  arc  lamps  was  28^:  nearer  the  plane  of  measurement  than 
the  tube.  With  the  tube  there  located  it  would  also  show  an 
economy  over  the  arc  lamps  of  about  7S9J . 
'  Although  the  above  tests  indicate  that  this  system  is  now 
the  most  efficient  light  source  known,  nevertheless  not  only 
theory  but  experiments  already  made  show  that  greater  ad 
vances  in  efficiency  are  yet  to   be  made.     The  best  gaseous- 
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conductors  particularly  adapted  for  selective  radiation  must 
be  determined  upon.  For  example,  nitrogen  has  about  twenty 
times  the  efficiency  of  hydrogen.  A  gaseous-conductor  must 
also  be  selected  that  not  only  has  proper  color  values  but  must 
maintain  high  efficiency  over  wide  ranges  of  intensity;  for 
example,  mercury  vapor  (to  say  nothing  of  its  color)  is  very 
inefficient  in  the  long-tube  system.  It  is  only  efficient  at 
intensities  which  should  be  considered  too  high,  and  which 
is  also  the  reason  why  the  mercury  tube  is  so  sensitive  to  tem- 
perature changes. 

Moore  tubes  are  now  used  in  lengths  varying  from  40  to  220 
feet.     The  following  curves  show  the  watts  per  hefner  for  40 
feet  to  be  2.5,  and  for  220  feet  to  be  1.4,  on  the  basis  of  a  yellow  < 
light.      Therefore    when    tubes    are    operating    at    12    hefners 
per  foot,  which  is  the  average  intensity  now  used,  tubes  from: 

40  to     70  feet  use  a  2-kw.  transformer. 

80  "   125      "       "    a  2.75-kw.      " 
130  "  180      "      "    a  3.5     *' 
190  "  220      •*      "    a  4.5     '* 

In  order  to  insure  steady  light,  the  power-factors  of  the 
circuits  supplying  these  transformers  average  at  present  65%. 
This  is  obtained  either  by  using  a  shell-type  transformer  of  special 
design  with  a  leakage  reactance  of  about  65%,  depending  on 
the  size  of  the  transformer  required,  or  there  can  be  used  a 
standard  type  of  core  transformer,  operated  in  series  with  a 
special  type  of  adjustable  inductance  consisting  of  two  op- 
posing coils  on  the  center  leg  of  an  iron  core  of  the  shell-type 
formation. 

Feeder-valve  solenoids  of  four  sizes  have  been  found  sufficient, 
and  are  usually  connected  in  series  with  the  low-tension  circuit 
of  the  transformer  and-inductance,  although  they  are  sometimes 
operated  by  the  high-tension  circuit. 

Although  the  average  power-factor  is  now  about  65%,  there  is 
no  theoretical  reason  why  all  these  tubes  should  not  operate 
at  a  considerably  higher  power-factor.  In  fact  a  very  recent 
improvement  in  the  valve  which  has  entirely  eliminated  capillary 
attraction,  has  made  it  practical  to  adjust  tubes  to  a  power- 
factor  as  high  as  84% — which  is  a  decided  improvement  over 
some  of  the  first  tests  published,  and  makes  the  tube  far  better 
than  either  the  alternating-current  motor  or  the  arc  lamp 
in   these   respects.      Since    all  of  the  electrical  factors  of  the 
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entire  system  are  based  on  the  conducti\~ity  of  the  gas  colimin, 
it  is  possible  to  vary  the  power-factor  over  a  wide  range 
simply  by  changing  the  d^ree  of  vacuum  by  regulating  the 
amount  of  gas  fed  to  the  tube. 

The  following  curves  show  the  relations  existing  between  the 
salient  factors  that  have  to  do  with  the  tube  performances. 

Curve  A  shows  how  the  amperes  of  the  low-tension  side  of  the 
transformer  at  220  volts  vary  with  the  length  of  the  tube. 

Cun-e  B  indicates  that  the  actual  voltage  on  the  tube  terminals 
for  40  feet  is  3146,  and  for  220  feet  12,441  at  12  hefners  per  foot. 

Curve    C.     Since   the   no-load   transformer  losses  and   also 
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Fig.  11 


electrode  losses  become  a  larger  percentage  of  the  total  watts 
as  the  tubes  are  shorter,  therefore  the  watts  per  hefner  grow 
less:  that  is,  the  longer  the  tube  the  better  the  efficiency. 

Curve  D.  Doubling  the  length  of  a  tube  does  not  double  the 
kilowatts  required. 

Curve  K,  These  tubes  soon  become  seasoned;  that  is,  use 
up  all  foreign  gases,  and  then  their  intensity  remains  perfectly 
constant  for  an  indefinitely  long  period  of  time. 

Curve  F.     The  efficiency  also  remains  constant. 

Curve  G.  The  efficiency  does  not  vary  over  a  wide  range  of 
supply  voltaic. 
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Curve  //.  The  light  intensity  is  directly  proportional  to  the 
voltage,  not  as  the  square  or  the  cube  of  the  voltage  as  is  the 
case  with  incandescent  lamps.  This  is  an  advantage  of  great 
practical  importance. 

Curve  /.  The  light  intensity  is  nearly  proportional  to  the 
watts. 
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Curve  y.  The  light  intensity  is  proportional  to  the  tube 
amperes,  and  that  a  tube  radiating  13  hefiiers  per  foot  of  yellow 
light  requires  three  tenths  of  one  ampere. 
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The  degree  of  vacuum  required  in  these  tubes  is  about  0.10 
of  a  millimeter  which,  comparatively  speaking,  can  be  called  a 
high  vacuum.  This  vacuum  is  maintained  within  0.01  of  a 
millimeter  or  0.00001%  of  an  atmosphere  either  above  or  below 
the  normal  degree  of  vacuum.  The  solution  of  this  very  difficult 
problem  of  maintaining  a  degree  of  vacuum  so  nearly  constant, 
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was  found  by  taking  advantage  of  the  fact  that  but  slight 
changes  in  the  vacuum  cause  enormotis  changes  in  the  electrical 
resistance  of  the  gaseous-conductor.  For  example,  a  tube 
220  feet  long  at  its  lowest  vacuum  (0.11mm),  takes  24  amperes, 
but  at  the  end  of  every  minute  this  has  crept  up  to  26  amperes, 
when  a  new  supply  of  gas  causes  the  amperes  slowly  to  drop 
again  to  24.  Of  course  it  is  impossible  to  detect  this  slight 
oscillation  either  in  the  steadiness  or  intensity  of  the  light  in 
the  tube.  Making  use  of  electricity  to  govern  the  vacutmi  is 
equivalent  to  using  a  multiplier  of  about  400,000. 
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These  long  tubes  are  built  in  place  by  hermetically  sealing 
together  8  ft.  6  in.  lengths  of  1.75  in.  glass  tubing,  with  walls 
^V  in.  thick,  by  means  of  a  new  blast  illuminating  gas-fire  or 
double-flamed  torch.  This  work  can  be  done  rapidly  and 
cheaply  since  in  a  100-ft.  tube  about  a  dozen  joints  are  needed 
and  only  about  two  minutes  are  required  for  each  one.  This 
has  necessitated  the  development  of  a  new  trade:  namely, 
"glass  plumbing." 

The  two  ends  of  the  tube  within  the  terminal  box  each  contain 
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a  graphite  cup  electrode  8  in.  long.  Immediately  in  front  of  one 
of  these  electrodes  a  branched  small-bore  tube  extends  to  the 
bottom  of  the  feed  valve,  see  Fig.  3,  and  the  othei  branch  is 
available  to  be  connected  temporarily  by  a  rubber  hose  to  a 
new  small  portable  oil  vacuum-pump.  The  electricity  is 
turned  into  the  tube  shortly  after  the  pump  is  started  and  the 
amount  of  light  resulting  indicates  in  a  measure  the  degree  of 
vacuum  in  the  tube.  But  in  investigating  a  field  of  this  nature 
a  simple,  rapid,  and  accurate  vacuum-gauge  was  found  to  be 
very  necessary,  and  it  has  proved  to  be  as  valuable  an  instru- 
ment as  a  compass  is  to  a  mariner.  It  can  be  calibrated  to 
measure  to  one  ten-millionth  of  an  atmosphere. 

As  soon  as  the  vacuum  of  the  tube  is  sufficiently  high,  the 
feed-coil  is  adjusted  to  feed  at  proper  intervals  the  right  quan- 
tity of  air  or  other  gas.  When  the  light  automatically  and 
continuously  feeds  itself, from  the  atmosphere,  the  supply  of 
which  is  of  course  inexhaustible,  its  life  can  be  said  to  be  in- 
definitely long.  When  it  is  desired  to  feed  the  tube  on  nitrogen 
only,  the  air  is  simply  made  first  to  pasis  through  a  small  iron 
cylinder  containing  enough  phosphorus  to  last  several  years. 
Should  a  longer  life  than  this  without  any  attention  be  desired, 
several  cylinders  can  be  used  in  series  and  these  can  be  renewed 
an  indefinite  number  of  times  at  a  negligible  cost.  Effectually 
to  prevent  more  than  is  necessary  of  the  atmosphere  from 
coming  into  contact  with  the  phosphorus,  or  being  continu- 
ously in  contact  with  it  when  the  tube  is  not  in  use,  it  has  first 
to  pass  through  a  small  mercury  trap. 

To  feed  the  tube  CO,,  a  bottle  containing  a  piece  of  marble 
and  a  little  hydrochloric  acid  automatically  generates  this  gas 
only  when  the  tube  requires  feeding.  Therefore  this  small  gas 
generator  needs  only  a  new  piece  of  marble  at  the  end  of  several 
years. 

Various  portable  or  unit  forms  of  this  light  have  been  de- 
signed. For  example,  the  one  shown  in  Fig.  15  resembles 
somewhat  an  arc  lamp.  It  operates  at  220  volts  and  requires 
25%  less  watts  yet  gives  25%  more  useful  illumination  than 
an  enclosed  arc. 

The  automatic  feeding- valve  is  of  course  applicable  not  only 
to  alternating-current  vacuum  tubes  but  also  to  direct-current 
vacuum  tubes.  It  can  be  made  invaluable  for  all  kinds  of 
vacuum-tube  apparatus,  such  as  X-ray  tubes,  vacuum  oscillo- 
graphs, wireless  telegraphy  or  telephony  transmitters  and  re- 
ceivers, vacuum  or  vapor  rectifiers   or  lamps. 
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A  careful  analysis  of  this  system  of  illumination  in  general, 
discloses  the  large  number  of  advantageous  features  it  pos- 
sesses. It  is  the  first  artificial  light  that  can  rightly  be  called 
imitation  daylight.  Natural  daylight  is  the  only  ideal  light 
that  can  ever  exist  and  the  eye  accords  with  it,  therefore  the 
nearer  any  light  sovu-ce  approaches  it  the  better,  and  vice  versa 
The  absence  of  the  red  rays  in  daylight,  for  example,  would  far 
from  improve  it.     This  system  is  so  much  nearer  natural  light 


Fig.  15 — A  small  unit  of  Moore  lij^ht 


imitation  that  it  is  in  a  class  by  itself.  But  these  tubes  furnish 
a  perfect  diffusion  of  light  because  the  light  radiates  from  such 
extremely  large  areas  as  compared  with  all  the  old  style  spots 
of  light,  and  therefore  if  desired  a  more  nearly  shadowless  light 
can  be  produced  than  any  other  known  means. 

The  recently  appearing  types  of  incandescent  lamps  having 
improved  efficiencies,  such  as  the  osmium,  tantalum,  zircon, 
graphitized    carbon,    tungsten,    osmin,    osram,    titanium,  and 
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heKon  lamps  are  all  obtained  by  causing  soHds  to  get  over- 
heated  due  to  electricity  passing  through  them.  These  new 
lamps — all  based  on  an  old  principle — are  only  of  transient 
interest,  an  interest  of  a  vastly  lower  order  than  the  interest 
that  should  attach  to  obtaining  illumination  by  electricity 
passing  through,  not  solids,  but  gases.  They  will  not  bring 
about  a  permanent  radical  change  in  the  lighting  situation. 
But  such  a  change  is  now  gradually  being  brought  about  by 
the  vacuum-tube.  However,  by  this  it  is  not  meant  or  claimed 
that  all  other  forms  of  light  will  be  abandoned.  The  candle 
business  is  larger  to-day  than  ever  before,  and  history  shows 
that  the  electric  lamp  has  interfered  very  little  with  gas.  But 
changes  must  come.  Each  form  of  light  has  its  own  particular 
sphere  of  usefulness,  which  varies  in  size  in  accordance  with 
its  intrinsic  worth  and  age.  Some  are  just  starting  on  their 
campaigns  of  usefulness,  and  others  have  reached  their  prime. 
Light  resulting  from  gaseous  conduction,  it  can  truly  be  said» 
is  right  both  theoretically  and  practically  and  therefore  will 
probably  survive  for  centuries. 

It  is  simply  claimed  that  this  new  system  of  electric  lighting 
gives  the  up-to-date  illuminating  engineer  one  more  available 
method  for  solving  some  of  his  problems  and  that  some  of  its 
fields,  as  is  the  case  with  all  other  lights,  are  exclusively  its  own. 

It  should  be  remembered  that  the  enclosed  arc  rapidly  dis- 
placed the  open  arc,  due  to  better  diffusion  and  lower  main- 
tenance cost,  notwithstanding  a  50%  loss  in  efficiency,  but 
this  new  system  in  turn  excels  the  enclosed  arc  in  all  of  these 
factors. 

The  recent  high  efficiencies  that  have  been  obtained  by 
other  forms  of  illuminants  have  always  been  gained  at  the  loss 
of  some  other  salient  factor;  for  example,  such  as  life  or  color, 
but  not  so  with  this  tube  light.  It  is  based  throughout  on 
thoroughly  well  known  engineering  principles  that  are  properly 
applied.  "  The  proof  of  the  pudding  is  in  the  eating  thereof," 
and  the  proof  of  every  electric  light  is  the  illumination  thereof. 
The  term  spherical  candle  power  manifestly  cannot  apply  any 
more  logically  to  a  long  tube  than  can  the  law  of  inverse  squares 
be  properly  applied  to  its  light  emanation.  It  is  an  indication 
of  broadmindedness  to  have  a  complete  indifference  for  all 
new  forms  of  lights  that  have  even  a  higher  intrinsic  brilliancy 
than  the  older  forms  with  which  we  have  long  been  familiar. 

In  this  connection  it  is  well  to  notice  that  many  of  these 
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new  forms  of  spot  lights  have  enormous  intrinsic  brilliancies, 
because  it  is  impossible  to  make  them  in  l#wer  candle  powers. 
Besides  the  disadvantages  of  the  high  candle  powers  of  these 
new  point  light  sources,  mechanical  difficulties  may  make  the 
ordinary  used  voltages  impracticable.  Few  persons  realize  how 
comparatively  little  need  there  really  is  for  small  units  of  light, 
such  as  were  contrived  and  used  by  our  forefathers. 

Abundant  light  is  becoming  more  and  more  of  a  necessity 
and  less  of  a  luxury  every  day.  There  will  always  remain  a 
small  field  for  localized  light  sources,  but  so  long  as  any  new 
form  of  light  is  in  the  form  of  a  spot;  that  is,  so  long  as  it  is  a 
highly  concentrated  light  source,  it  is  not  worthy  of  much 
serious  consideration  so  far  as  the  great  bulk  of  the  lighting 
that  is  now  needed  by  commerce  is  concerned.  Large  areas 
represent  at  least  80%  of  the  lighting  business.  They  should 
be  illuminated  by  diffused  light,  therefore  the  only  proper 
procedure  is  directly  to  generate  a  diffused  form  of  light;  that 
is,  use  a  large  and  cool  vacuum-tube,  not  a  very  small  and  a 
very  hot  filament  and  then  try  to  scatter  or  soften  its  light  and 
thereby  waste  about  50%  of  it,  either  by  a  diffusing  globe  or  a 
reflector  of  some  kind,  to  avoid  glare.  The  long- tube  system 
has  the  necessary  natural  characteristics  that  make  such  devices 
superfluous.  Its  enormously  greater  area  is  responsible  for  its 
correspondingly  low  intrinsic  brilliancy. 

Since  it  is  possible  and  practicable  to  use  these  tubes  graduated 
from  an  intensity  of  light  per  foot  that  is  almost  negligible  up  to 
30 or  more  hefners  per  foot,  it  is  impossible  to  state  arbitrarily 
just  what  is  the  intrinsic  brilliancy  of  a  Moore  tube.  The  av- 
erage long  tube  now  in  use  operates  at  12  hefners  per  foot. 
The  following  table  compares  the  tube  with  some  other  illu- 
minants  on  the  basis  of  hefners  per  square  inch. 

I  at  6  hefners  per  foot 0.33 
at  12  hefners  per  foot 0.66 
at  36  hefners  per  foot 2 . 

Cooper  Hewitt  mercury  tube 19. 

Incandescent  filaments 250. 

Nernst  glower 600 . 

Arc  crater 10,000.. 

Some  authorities  have  stated  that  an  intensity  greater  tha 
about  5  hefners  per  square  inch  is  beyond  the  theoretically 
correct  limits,  therefore  this  Aight  is  the  only  one  that  has  a  low 
enough  brilliancy  not  to  fatigue  the  eye.     This  has  also  been 
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demonstrated  by  practice.  It  is  remarkable  that  an  intrinsic 
brilliancy  as  low  as  0.33  per  square  inch  is  commercially  thor- 
oughly practical.  Fig.  16  shows  a  tube  that  has  been  oper- 
ating at  this  low  intensity  for  over  two  years.  It  was  also  the 
first  tube  to  be  operated  on  alternating  current  from  street 
mains.  Even  at  this  low  intensity,  the  store  is  far  more  bril- 
liantly and  satisfactorily  lighted  than  with  the  16  c-p.  incan- 
descent lamps  hanging  low  on  flexible  cords  which  were  for- 
merly used.  So  far  as  primary  brilliancy  is  concerned,  the 
tube  far  excels  all  other  electric  lights — ^all  of  which  certainly 
need  to  be  amply  equipped  with  diffusing  shades,  etc. 


Fig.  10 — Interior  of  hardware  store 


That  great  progress  has  been  made  in  tube  lighting  is  clearly 
proved  by  calling  attention  to  the  fact  that  the  tubes  in  the 
**  Moore  Chapel  "  at  the  Madison  Square  Garden  Electrical  Show 
of  1898  operated  at  only  J  of  a  hefner  per  foot  while  now  a  hun- 
dred times  this  intensity  is  easily  reached. 

Posterity  will  probably  comment  on  the  boast  of  one  of  our 
greatest  illuminating  companies,  that  it  had  to  screen  every 
light  source  in  its  model  new  building.  Vacuum-tube  illumi- 
nation will  obviate  the  necessity  of  a  law  prohibiting  all  kinds 
of  glaring  lights. 

Illuminating  engineers  should  not  lose  too  much  time  by  giv- 
ing  undue   attention    simply   to   the  .utilization   of  light,    but 
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should  also  rapidly  come  to  a  realization  of  the  prime  im- 
portance of  the  best  methods  of  producing  artificial  light. 

The  Moore  light  is  generated  in  such  a  manner  that  it  needs 
no  unsightly  and  expensive  auxiliary  apparatus  either  to  dis- 
tribute it  by  reflection,  or  to  diffuse  and  soften  it.  It  should 
be  borne  in  mind  that  illumination  from  gaseous-conductors 
is  a  comparative  infant  in  the  commercial  world.  There  is  a 
marked  difference  between  the  illumination  produced  by  a 
Moore  tube  and  intense-point  sources.  This  very  marked  con- 
trast is  shown  best  by  suddenly  throwing  off  the  tube  light  and 
immediately  throwing  on  incandescent  lamps — especially  if 
there  are  many  of  them  and  bare,  and  suspended  by  flexible 
cords. 

After  becoming  accustomed  to  the  tube  light,  workmen, 
whether  machinists  or  employees  in  packing  and  shipping 
departments;  very  much  appreciate  the  fact  that  they  "can't 
get  into  their  own  shadows."  For  reading  addresses  or  mark- 
ings on  loading  or  shipping  platforms  it  can  scarcely  be  surpassed. 

This  tube  lighting  accurately  resembles  cove  or  concealed 
lighting,  yet  there  is  no  necessity  for  concealing  the  tube; 
should  it  be  desired  to  conceal  the  source  of  light  the  cove 
itself  is  not  needed,  because  all  that  is  necessary  is  to  place  an 
opaque  reflector  on  the  lower  side  of  the  tube  so  that  all  of  its 
light  ivould  be  thrown  toward  the  ceiling  and  illuminate  the 
room  therefore  entirely  by  reflected  light. 

Incandescent  lamps  were  originally  placed  behind  coves 
because  of  their  objectionable  high  intrinsic  brilliancy,  and  the 
tendency  is  to  allow  the  sins  of  the  incandescent  lamp  to  be 
visited  upon  the  tube.  The  only  reasonable  excuse  for  placing 
a  tube  behind  a  cove  is  that  the  light  .source  is  concealed;  but 
even  this  reason  is  not  logical,  because  the  intensity  of  the  tube 
can  be  adjusted  to  be  but  little  brighter  than  the  ceiling  is  as 
a  reflecting  surface.  Take  for  example  the  tube  now  lighting 
this  hall.  It  is  in  front  of  the  cove  or  cornice,  not  concealed 
in  any  way,  yet  its  simplicity  prevents  it  from  being  obtrusive. 
It  harmonizes  with  its  architectural  surroundings  and  its  height 
places  it  entirely  out  of  the  direct  line  of  vision.  Even  though 
it  be  deliberately  stared  at,  it  does  not  dazzle  the  eye  in  the 
least  nor  distract  one's  attention  as  does  the  dim  and  streaked 
ceilinjj  when  the  incandescent  lamps  are  used.  The  most  com- 
mon kind  of  natural  li^ht  is  almost  shadowless  and  always 
pleasing,  as  is  aLso  the  lighting  of  many  large  areas  by  means 
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of  skylights,  and  so  are  artificial  imitations  of  diffused  daylight 
if  made  intense  enough.  A  lack  of  imiformity  in  intensity  does 
not  rest  the  eye. 

All  authorities  insist  upon  the  avoidance  of  bright  spots. 
This  is  accomplished  by  other  systems  at  an  enormous  sacri- 
fice in  efficiency.  Take  for  example  the  really  beautiful  lighting 
of  many  auditoriums  using  light  diffused  through  glass  ceilings. 
However,  from  the  four  standpoints  of  efficiency,  simplicity, 
safety,  and  first  cost,  a  little  thought  would  convince  the  most 
skeptical  of  the  enormous  advantages,  both  in  theoretical 
conception  and  practical  application,  of  simple  exposed  glass 
tubes  which  would  accomplish  the  result  sought  after  equally 
well,  yet  at  an  enormous  saving  in  operating  expense. 

It  is  the  blinding  brilliancy  of  the  mercury  tube  that  makes 
even  a  direct  glance  at  it  so  very  harmful  to  the  eye.  It  is 
true  the  mercury  tube  is  a  light-source  of  larger  area  than  all 
point  sources,  but  a  careful  analysis  will  clearly  show  that  in 
this  respect  it  is  but  a  short  step  in  the  right  direction,  and 
that  its  area  for  a  given  quantity  of  illumination  will  have  to 
be  multiplied  a  score  or  more  times,  as  it  is  in  the  Moore  light, 
in  order  to  obtain  an  intrinsic  brilliancy  low  enough  to  meet 
conditions  both  theoretically  and  practically  correct. 

A  study  of  the  history  of  the  development  of  all  light  sources 
shows  the  vacuum-tube  to  be  a  logical  conclusion  of  the  pro- 
gress of  evolution.  All  portions  of  a  long  Moore  tube  are  imi- 
formly  luminous.  It  has  a  governable  intensity  from  zero  to 
dazzling  brightness;  therefore  any  theoretical  specifications 
can  be  met  in  practice  by  resorting,  for  improved  methods  of 
illumination,  to  the  gaseous-conductor,  not  to  a  solid  one. 
Carefully  tracing  the  evolution  of  all  forms  of  light  from  remote 
ages  down  to  the  present  time  as  regards  the  following  seven 
most  important  factors:  diffusiveness,  color,  steadiness,  ab- 
sence of  heat,  efficiency,  safety  and  first  cost,  all — clearly  prove 
this  long  tube  system  to  be  a  natural  sequence  and  that  the 
times  are  now  ripe  for  it. 

Widely  spaced  50-  and  100-c.p.  lamps  were  commonly  used 
twenty  years  ago,  but  custom  and  necessity  gradually  changed 
them  to  8-  and  4-c.p.  lamps.  Next  they  were  placed  close 
together  in  rows  and  then  laid  horizontally  (as  they  are  behind 
the  coves  of  this  room)  clearly  pointing  to  their  natural  suc- 
cessor in  the  direct  line  of  progress;  namely,  the  tube. 

The  arc  lamp  has  changed  from,  first,  the  unsteady  short 
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open  arc,  to  the  much  longer  enclosed  arc  which  multiplied  the 
area  of  the  light  source  many  htmdred  times,  to  the  enormous 
**  diffusers  "  now  used  to  improve  as  much  as  possible  what  I 
believe  to  be  the  fundamentally  wrong  principles  of  arc  lamps 
and  incandescent  lamp  clusters.  The  flaming  arcs  go  one  step 
further  both  in  lengthening  the  arc  proper  and  increasing  the 
apparent  light  source  to  the  entire  area  of  a  large  globe.  The 
Moore  tube  virtually  consists  of  an  **  arc  "  drawn  out  to  a  length 
of,  several  hundred  feet. 

Steadiness  is  a  factor  of  vital  importance  to  any  form  of 
light,  and  in  this  respect  the  long  tube  is  excelled  by  none. 
Of  course  it  does  not  flicker  like  an  arc  lamp  and  is  much  less 
affected  by  voltage  variations  than  all  forms  of  heated  solid 
conductor  lamps. 

Stroboscopic  tests  of  the  light  of  the  tube  reveal  an  image 
better  than  that  obtained  from  enclosed  arc  lamps,  notwith- 
standing the  fact  that  the  heat-constant  of  the  tube  as  the 
current  wave  passes  through  zero  is  less  than  that  of  any  other 
form  of  light.  Therefore  when  the  supply  switch  is  opened 
the  tube  light  "  goes  out  "  quicker  than  all  other  lights,  a  fact 
which  should  be  valuable  for  signalling  but  which  also  in  a 
measure  explains  the  high  efficiency  of  the  tube.  Tubes  of  this 
nature  will  operate  successfully  on  all  frequencies,  but  at  fre- 
quencies as  low  as  25  cycles  the  images  will  probably  become  too 
pronounced  unless  two-  or  three-phase  currents  are  available, 
in  which  case  by  the  use  of  multiple  tubes  the  images  of  moving 
objects  are  entirely  removed.  The  highest  frequency  in  use 
at  present  for  operating  these  tubes  is  480  cycles,  and  is  fur- 
nished by  a  motor-generator  on  220  volts  direct  current.  Care- 
ful tests  on  various  frequencies  up  to  about  10,000  cycles  have 
shown  that  the  number  of  alternations  of  the  current  used  to 
excite  these  long  tubes  has  nothing  to  do  with  their  efficiency. 

The  only  commercial  and  proper  method  of  comparing  all 
sources  of  light  is  on  the  basis  of  their  ability  to  produce  useful 
illumination,  and  not  by  any  other  basis.  I  have  advocated 
for  some  years  past  the  comparing  of  all  lights  by  measurements 
of  illumination  and  not  by  candle  pow^ers,  and  now  see  indications 
of  this  procedure  becoming  standard.  The  term  hefner-foot 
will  soon  replace  the  unsatisfactory  candle  power,  and  contracts 
for  lighting  any  area  will  be  based  on  specifications  calling  for  a 
definite  intensity  in  hefner-feet  on  each  square  foot  or  square 
yard  of  the  area  to  be  lighted.     This  is  far  more  practical  than 
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agreeing  to  furnish  a  lamp  which  is  supposed  to  require  no 
more  than  a  certain  number  of  watts  per  candle  power,  at  the 
beginning  of  its  life.  All  light  users  want  to  deal  with  terms 
that  have  to  do  with  useful  light,  and  this  is  one  reason  why  the 
term  **  watts  per  candle  power  "  has  always  been  so  extremely 
imsatisfactory.  There  should  be  used  a  single  commercial 
quantity  or  figure  that  would  correctly  express  the  "  illuminating 
efficiency  "  of  each  and  any  system  of  lighting  used  to  illuminate 
a  given  area.  If  the  area,  and,  therefore,  all  of  its  accompanying 
reflecting  surfaces  be  changed,  the  relative  values  of  this  figure 
for  each  system  is  also  liable  to  change,  because  some  systems 
(for  example  arc  lamps)  are  more  benefitted,  comparatively 
speaking,  than  are  others  by  certain  reflecting  surfaces  and 
other  local  conditions.  Such  a  figure  or  value  is  readily  obtained 
by  dividing  the  average  of  the  hefner  feet  measured  at  a  suitable 
number  of  stations  by  the  watts  per  square  foot.  This  method 
will  finally  be  widely  adopted  not  only  by  illuminating  engi- 
neers but  also  by  the  intelligent  public — now  that  simple  and 
perfectly  self-contained  illuminometers  are  available.  The  term 
hefner-foot  is  preferred  because  the  hefner  is  the  only  practical 
primary  standard.  There  is  no  longer  any  excuse  for  using 
the  term  candle  power,  and  it  should  rapidly  be  dropped.  The 
foot  is  still  the  commercial  unit  of  length  in  this  country. 

If  incandescent  lamps  were  generally  used  as  individual  light 
soiu-ces,  then  watts  per  candle  power  would  be  the  salient 
term,  but  since  the  vast  majority  of  incandescent  lamps  are  not 
used  individually  but  simply  as  inconspicuous  parts  of  a  system 
of  illumination,  then  the  average  hefner-foot  becomes  the  factor 
of  prime  importance :  that  is,  the  illuminating  efficiency,  not  the 
efficiency  of  an  illimiinant.  We  should  be  a  little  concerned 
about  the  specific  efficiency  of  the  lamps  behind  the  cove  in  this 
hall,  but  very  much  interested  in  the  ability  (that  is  the  efficiency, 
of  the  incandescent  system  as  a  whole  to  produce  the  result 
sought  after:  that  is,  to  illuminate  uniformly  and  without 
glare  every  square  foot  of  this  floor  with  a  minimum  expenditure 
of  energy.  Watts  per  hefner-foot  is  the  important  factor,  not 
watts  per  hefner. 

I  believe  that  the  proper  way  to  compare  all  forms  of  il- 
Itm^nants  wotdd  be  approximately  on  the  following  basis: 

1.  The  area  to  be  lighted  should  be  about  40  by  80  feet,  and  of 
approximately  the  shape  indicated  by  these  dimensions. 

2.  The  illuminants  must  not  extend  below  a  horizontal  plane 
10  ft.  above  the  floor. 
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3.  The  award  is  to  be  made  entirely  upon  the  results  of 
illuminometer  tests  in  a  plane  30  in.  above  the  floor  and  the 
stations  of  which  are  to  be  located  as  follows:  ten  equal  spaces 
on  the  center  line  of  the  longer  dimension,  ten  equal  spaces  on 
the  center  line  of  the  shorter  dimension,  and  ten  equal  spaces 
on  the  diagonal.  The  average  of  these  thirty  readings  is  to  be 
divided  by  the  total  number  of  kilowatts  used  from  the  street 
mains  by  each  form  of  illuminant,  and  the  highest  quotient 
(light  units  per  energy  unit)  will  determine  the  placing  of  the 
award. 

It  is  not  surprising  that  the  tube  should  surpass  the  incandes- 
cent lamp  both  in  efficiency  and  diffusion  in  the  lighting  of  an 
area  of  this  size,  because  the  incandescent  lamp  is  wrong  the- 
oretically— too  far  away  from  natural  light — it  is  too  small, 
too  red,  too  hot.  The  highest  temperature  at  which  glower 
lamps  operate  would  make  them  do  better,  about  half  as  well 
as  the  tubes.  So  with  all  the  incandescent  types  of  lamps,  to 
say  nothing  of  the  bother  and  expense  of  replacing  them,  either 
in  whole  or  in  part.  Arc  lamps  would  be  out  of  the  race,  be- 
cause of  inefficiency,  glare,  flickering,  wide  variations  in 
candle  power  between  feedings,  poorly  distributed  light,  noise, 
dirt,  etc.,  besides  the  maintenance  expense  of  recarboning  and 
cleaning.  Compare  the  simplicity  of  the  method  of  obtaining 
diffused  light  by  means  of  the  tube  with  the  really  commendable 
attempt  to  obtain  a  comparable  diffusion  by  equipping  arc 
lamps  with  concentric  diffusers  that  are  as  enormous  as  they 
are  crude  so  far  as  the  means  to  the  end  is  concerned.  Especially 
is  this  the  case  where  light  balancing  selector  diffuser  ceilings 
are  installed.  They  very  pointedly  indicate  the  need  of  a  tube 
light. 

During  the  first  year  of  its  use — 1903 — the  gaseous-conductor 
of  the  Moore  tube  was  produced  by  chemical  means,  which  has 
been  comparatively  recently  superseded  by  the  automagnetic 
valve.  Therefore  the  lapse  of  time  since  the  first  automatically 
fed  tubes  were  installed  being  so  short,  it  is  not  now  possible  to 
state  definitely  what  their  final  life  will  be,  beyond  the  general 
statement  that  some  of  these  tubes  have  already  been  in  opera- 
tion over  4000  hours  without  change,  and  that  there  are  good 
reasons  for  believing  that  they  should  continue  to  nin  at  least 
again  as  long,  which  is  a  much  longer  life  than  any  other  form 
of  illuminant  yet  invented.  This  whole  system  is  one  with  an 
exceptionally  large  number  of  variables,  and  this  also  applies 
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to  its  life,  because  it  depends  partly  on  the  intensity  at  which 
the  tube  is  operated  and  the  partictilar  gas  used.  Since  air  or 
other  gas  is  regularly  admitted  to  the  tube  and  changed  to  some 
solid  form,  due  to  certain  electrochemical  reactions,  it  is  certain 
that  the  time  of  operation  without  any  attention  whatever 
cannot  be  prolonged  indefinitely.  Before  adopting  the  chemical 
method  of  obtaining  a  nitrogen  supply  for  the  long  tubes,  it 
was  stored  imder  about  three  pounds  pressure  in  a  small  tin 
cylinder  placed  in  the  terminal  box,  which  supplied  an  average 
tube  before  needing  to  be  recharged  for  considerably  over  a 
year.  Therefore  the  quantity  of  gas  (nitrogen  for  example) 
necessary  to  support  a  light  of  12  hefners  per  foot  is  so  small 
that  a  tube  of  average  length  should  remain  in  perfect  condition 
for  a  nimiber  of  years  before  it  would  be  expedient  to  remove 
the  small  quantity  of  dark-colored  powder  which  may  have 
accimiulated  only  within  or  near  the  graphite  electrodes. 

When  a  tube  has  been  properly  exhausted,  the  discoloration 
in  front  of  the  electrodes  should  not  at  any  time  extend  more 
than  two  or  three  inches.  When  a  tube  is  striated,  it  indicates 
that  other  gases  are  present  that  are  foreign  to  the  one  decided 
upon  to  be  used. 

The  light  source  of  all  other  lights  needs  to  be  renewed,  but 
in  this  case  the  light-giving  tube  itself  will  last  an  indefinitely 
long  time,  since  it  is  neither  consumed  nor  becomes  blackened 
in  the  least.  Should  any  renewal  be  required  it  is  at  the 
electrode  which  can  be  replaced  comparatively  cheaply. 

The  cost  of  a  long-tube  installation,  due  to  its  being  con- 
struction work,  varies  with  its  location,  its  length,  its  shape, 
the  intensity  of  the  light  required,  the  kind  and  number  of  fix- 
tures desired,  and  other  local  conditions;  but  is  already  less 
than  the  cost  of  a  first-class  incandescent  lighting  system  with 
its  necessary  wiring,  fixtures,  and  shades.  Eventually  it  will  be 
far  cheaper.  It  should  be  borne  in  mind  that  the  first  cost  of 
this  tube  corresponds  with  the  entire  cost  of  an  incandescent 
lighting  system — its  iron  piping,  wires,  cut-outs,  fixtures,  shades, 
and  lamps— and  also  that  the  first  cost  should  be  considered 
only  in  connection  with  the  fact  that  in  many  instances  this 
tube  will  pay  for  itself  several  times  over  during  its  first  year 
of  use  from  the  amount  saved  on  what  the  current  bills  would 
have  been  if  incandescent  lamps  had  been  used  to  produce  the 
same  amount  of  useful  light. 

This  system  is  extremely  simple.     Only  two  parts  are  essen- 
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tial:  the  light-giving  tube  and  the  terminal  box.  We  are  so 
thoroughly  familiar  with  the  ordinary  incandescent  lighting 
system  that  it  is  hard  for  us  to  realize  that  it  has  become  really 
very  complicated  with  its  hundreds  of  different  devices.  Its 
most  enthusiastic  supporters  a  few  years  ago  would  have  de- 
clared the  present  conduit  system  as  entirely  prohibitive,  es- 
pecially when  concealed.  But  now  almost  all  of  it  can  be  elim- 
inated by  simply  installing  a  light-giving  tube,  even  after  the 
decorations  have  been  completed,  as  was  done  in  the  last  few 
days  in  this  room. 

Architects  have  long  considered  electric  wiring  problems  one 
of  their  most  vexatious  burdens.  Now  a  terminal-box  can  be 
used  as  a  center  of  distribution  from  which  there  radiates  a 
number  of  long  tubes  to  illuminate  portions  of  the  same  floor, 
or  extend  to  floors  above  or  below.  A  tube  provided  with  a 
reflecting  enamel  on  one  side  is  a  far  simpler  device  for  lighting 
show  windows  than  the  extremely  cumbersome  combinations  of 
rows  of  incandescent  lamps  with  mirrored  reflectors  in  sheet 
metal  troughs,  etc.  This  tube  system  has  no  complicated 
mechanism  like  arc  lamps,  for  example,  but  instead  the  only 
moving  part  is  the  displaces  of  the  feeder  valve  which  in  its 
design  is  about  as  near  being  frictionless  as  is  conceivable. 
Normally,  its  movement  is  less  than  1/32  of  an  inch,  and  some  of 
•these  valves  have  required  no  attention  and  yet  have  been  in 
active  use  over  4000  hours.  They  should  continue  to  operate 
an  indefinitely  long  time. 

As  a  scientific  instrument  this  automatic  valve  is  another 
combination  of  ruggedness  with  marvelous  sensitiveness,  in 
which  respects*  it  resembles  a  telephone  receiver.  The  very 
nature  of  this  system  is  such  that  the  liability  of  a  normal  tube 
being  broken  is  very  slight ;  yet  in  case  of  accident  a  new  piece 
of  tubing  can  be  quickly  and  cheaply  inserted.  The  ideal  and 
rapidly  approaching  final  position  of  such  a  tube  is  against  or 
almost  against  the  ceiling,  the  illumination  then  most  closely 
resembles  light  coming  from  the  sky.  But  many  users,  notwith- 
standing the  high  efficiency  of  the  tube  light,  desire  to  reduce 
their  bills  still  further  by  using  a  less  number  of  hefners  per 
foot,  and  support  the  tube  on  long  fixtures.  When  a  tube  is 
cracked  or  broken  the  inrush  of  air  of  course  instantly  ex- 
tinguishes the  light,  but  the  electrical  apparatus  is  in  no  way 
disturbed. 

This  is  a  hardy  piece  of  apparatus,  not  a  delicate  mechanism 
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like  the  incandescent  lamp.  Glass  tubing  properly  supported 
is  far  stronger  and  more  flexible  than  most  people  realize.  The 
voltage  on  a  tube's  terminals  can  either  be  raised  or  lowered 
without  harming  in  the  least  either  its  life  or  its  efficiency.  The 
conductivity  and  light  of  these  tubes  are  practically  unaffected 
by  temperature  changes,  especially  those  emitting  yellow  light. 
Another  installation  which  depicts  a  quality  of  this  light  pe- 
culiarly and  exclusively  its  own  is  fifty  feet  of  tubing  skirting 
the  bottom  of  a  large  aquarium.  The  fishes  are  not  disturbed 
in  any  way  by  its  presence ;  that  is,  neither  by  shocks  nor  by  heat. 
Scientific  glass  experts  predicted  great  trouble  from  expansion 
and  contraction  but  neither  the  direct  summer  sUn  or  long  icicles 
has  had  any  apparent  effect.  This  is  the  only  form  of  light 
from  which  icicles  can  hang,  which  indicates  its  approach  to  light 
without  heat.  Neither  moisture  nor  fumes  affects  these  tubes. 
There  is  no  multiplicity  of  sockets  and  wires  to  become  dam- 
aged or  short  circuited,  and  the  tube  can  be  most  easily  cleaned. 

The  light-giving  tube  itself  is  harmless  either  to  life  or  prop- 
erty. The  terminal  box  is  made  of  steel  with  a  slate  bottom 
so  that  even  though  the  small  transformer  within  it  should  com- 
pletely break  down,  smoke  only  would  result.  It  is  impossible 
"for  the  exterior  of  the  terminal  box  to  get  hot  enough  to  set 
fire  to  anything.  It  is  carefully  designed  so  far  as  ventilation 
is  concerned,  and  is  always  motmted  so  that  there  is  an  air- 
space all  around  it.  With  this  loop  tube  system,  aside  form 
the  ordinary  short  feed  circuit,  there  is  no  part  of  it  to  be 
iclassified  as  a  "  risk  **  since  all  of  the  purely  electrical  appar- 
atus is  securely  contained  in  a  fire-proof  terminal-box. 

Fig.  17  shows  the  terminal-box.  but  it  also  shows,  inad- 
vertently, though  most  strikingly,  the  contrast  between  the 
simplicity  of  the  tube  and  the  complexity  of  the  network  of 
wiring  on  the  ceiling  which  it  has  supplanted. 

Owing  to  the  high  efficiency  of  the  tube  and  the  large:  area 
from  which  any  heat  accompan3ring  the  light  can  radiate,  the 
temperature  of  the  tube  is  remarkably  low,  being  in  the  neigh- 
borhood of  100^  fahr.,  therefore  it  cannot  injure  either  perish- 
able goods  or  the  health  of  those  working  imder  it.  In  basements 
for  instance  in  summer  time,  the  fact  that  only  about  one  sixth  as 
much  heat  is  dissipated  as  would  be  if  incandescent  lamps  were 
used  is  a  matter  of  prime  importance  to  the  problems  of  ven- 
tilation, etc.  Large  areas  like  department  stores  for  example, 
can  now  be  electrically  lighted  without  an  inch  of  wire  within 
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their  walls,  by  placing  the  technical  boxes  of  these  tubes  on  the 
exterior  of  the  building.  It  is  wireless  lighting.  It  was  of 
much  scientific  interest  to  note  that  tubes  at  the  same  degree 
of  vacuum  with  the  same  amperage  flowing  produced  a  widely 
varying  quantity  of  light  as  the  kind  of  gaseous-conductor  was 
varied  and  that  the  temperature  of  the  tube  was  higher  with 
the  gases  producing  the  most  light. 

This  system,  from  a  number  of  standpoints  possesses  great 
fexibility.     This  is  illustrated,  so  far  as  the  distribution  of  the 


Fio.  17 — Exterior  of  terminal-box. 

tube  is  concerned,  by  Fig.  18,  which  shows  the  layout  of  tubes 
on  the  mezzanine  floor  of  a  public  building  office.  These  re- 
markably varied  shapes  and  lengths  are  due  to  the  necessity 
of  light  being  located  to  suit  each  particular  desk,  table,  set  of 
files,  etc.  Since  tubes  can  be  made  of  any  diameter  and  form, 
the  artistic  possibilities  of  electric  lighting  are  multiplied  many 
fold. 

Flexibility  is  again  demonstrated  by  the  facts  that  the  in- 
tensity and  also  the  color  of  these  tubes  can  be  varied  over 
wide  ranges.    The  higher  refinement  of  the  art  of  illiunination 
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is  bringing  into  view  more  and  more  prominently  the  color  of  all 
light*  sources.  Not  their  individual  colors,  however,  but  the 
color  values  they  give  to  surrounding  objects,  is  fast  becoming, 
next  to  efficiency,  the  most  important  fact  in  connection  with 
any  light.     This  light  is  the  first  and  only  illuminant  the  color 


Fig.  18— An  installation  showing  various  shapes  of  Moore  tubes. 


of  which  can  be  changed  at  will  over  a  wide  range.  This  is 
accomplished  by  changing  the  character  of  the  gas  within  the 
tube.  If  a  tube  is  permitted  to  feed  itself  on  plain  air,  an  effic  ent 
pink  light  results,  but  if  the  air  is  first  caused  to  pass  through  a 
cylinder  of  phosphorus  to  absorb  its  oxygen  a  golden-yellow 
light  is  produced  that  is  the  most  efficient  light  source  known. 
When  operated  at  higher  intensities  than  12  hefners  per  foot, 
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and  viewed  in  line  with  incandescent  lamps,  it  is  apparent  that 
the  colors  are  about  the  same  as  well  as  the  color  values  of  all 
objects  viewed  under  it. 

Although  otir  firm  purpose  should  always  be  to  imitate  day- 
light, nevertheless  its  color  values  are  not  constant  quantities 
at  different  hours  of  the  day.  Forttmately,  the  spectrum  and 
color  values  resulting  from  the  use  of  carbon  dioxide  gas  as  a 
gaseous-conductor  in  a  clear  glass  tube  should  be  decided  upon 
by  scientific  societies  as  accurately  representing  average  diffused 
daylight,  not  direct  sunlight.  It  will  finally  be  recognized  as 
the  only  standard  of  light.  Specifications  can  be  drawn  and 
adopted  which  will  enable  the  accurate  reproduction  of  such 
a  standard  at  will.  Already  all  of  our  present  so-called  primary 
standards  are  acknowledged  as  being  too  red,  but  such  a  vacuum 
tube  as  a  standard  will  have  a  color  value  which  will  remain 
perfectly  satisfactory  so  long  as  daylight  lasts.  Further  than 
this  these  specifications  can  be  made  to  determine  with  great 
accuracy  a  definite  intensity.  We  thus  have  a  primary  standard 
as  regards  both  color  and  intensity. 

When  these  tubes  are  supplied  with  CO,  they  appear  pure 
white.  Most  inexperienced  persons,  especially  when  contrasting 
the  tube  light  with  reddish  lights,  criticize  the  color  as  being 
too  blue  without  realizing  that  daylight  is  a  decidedly  bluish- 
white.  The  laws  of  nature  make  the  operating  expenses  of  the 
pure  white  light  tube  almost  double  that  of  the  yellow-light  tubes, 
because  the  eye  is  effected  to  a  maximum  degree  by  yellow  rays, 
But  the  white  tubes  which  simply  contain  C  O,  have  been  used  for 
over  a  year  by  stores  in  their  ribbon  departments  for  matching 
colors,  day  and  night,  because  its  spectrum  remains  absolutely 
constant.  There  are  many  other  industries  where  color  values 
are  of  vital  importance.  Also,  since  the  color  factor  is  now 
under  perfect  control,  those  light  rays  can  be  scientifically 
selected  which  are  essential  for  the  forcing  of  all  kinds  of  plant 
life,  flowers,  fruits,  and  vegetables.  The  color  of  the  light  can 
be  varied  by  feeding  the  tube  any  gas  as  each  has  its  own  spec- 
trum, or  by  using  multiple  valves,  etc.,  mix  various  gases 
within  the  lighting  tube  itself.  White  tubes  are  daily 
being  put  to  most  vigorous  tests  at  the  works  of  one  of  the 
largest  silk  dyeing  establishments  in  this  country,  but  no  differ- 
ence can  be  detected  in  the  most  delicate  shades  when  matched 
either  under  the  tube  or  in  average  natural  daylight.  For  some 
time  past  artists  have  been  mixing  their  colors  at  night  imder 
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the  white  tubes.  Portrait  photographs  are  also  being  made 
under  it  that  equal  those  of  natural  light.  Since  the  yellow  tube 
light  is  about  the  same  as  that  of  the  incandescent  lamp  it  is 
being  used  successfully  by  clothing  merchants  and  florists. 
Also  on  account  of  its  uniformity  of  intensity  it  has  proved 
its  superiority  for  photographic  printing. 

It  is  interesting  to  note  how  different  the  same  tubes  lighting 
an  ordinary  store  window  appear  in  the  afternoon  when  the 
sun  is  shining  and  after  seven  o'clock  at  night.  The  tubes 
that  are  yellowish  white  at  night  time  appear  orange  colored 
during  the  day,  and  the  tubes  that  are  a  pure  and  dense  white 
at  night  appear  a  pale  blue  during  that  day — in  fact  if  exposed 
to  brilliant  daylight  no  light  can  be  seen  in  them  at  all. 

Users  can  obtain  the  exact  quantity  of  illumination  desired 
on  a  given  area  more  easily  than  with  any  other  system,  because 
without  changing  the  tube  its  intensity  can  be  varied  without 
loss  in  efficiency. 

This  light  could  be  used  in  subways  and  tunnels,  in  which 
cases  the  terminal-boxes  would  be  eliminated  and  miles  of 
tubing  in  100- ft.  lengths  placed  end  to  end  and  operated  in 
parallel  directly  from  the  adjacent  high-potential  mains.  The 
eyes  of  the  motorman  would  then  be  subject  only  to  a  light  of 
definite  intensity  and  color. 

Art  galleries,  surgical  operating  tables,  exterior  illumination 
of  ferryboats,  street  lighting,  shop  show-windows,  advertising 
signs — all  these  and  many  other  industrial  and  artistic  en- 
terprises will  be  vastly  benefited  by  the  application  of  this 
tube  light. 

It  is  believed  and  hoped  that  the  ideas  advanced  io  this 
paper  are  simply  in  the  direction  of  progress.  Aside  from 
all  theory,  the  facts  show  that  electric  illumination  resulting 
from  incandescent  gases, or  vapors  has  vastly  less  limitations 
because  their  molecules  or  atoms  are  free  to  vibrate  while  those 
of  solids  are  not,  and  therefore  at  the  high  temperatures  nec- 
essary are  subject  to  rupture.  **  The  signs  of  the  times  " 
clearly  irdicate  that  we  have  reached  the  beginning  of  the  end 
of  lighting  by  soiid  conductors  and  the  end  of  the  beginning  of 
lighting  by  gaseous-conductors. 
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Discussion   on    "Light   from  Gaseous  Conductors  Within 

Glass  Tubes — The  Moore  Light,"  at  New  York 

April  26,    1907 


Gano  Dtum:  While  we  are  waiting  for  the  remainder  of 
the  tests  which  are  to  be  made  upon  the  tube  and  the  lamps 
stnmg  around  the  room,  we  may  as  well  proceed  with  the 
discussion.  I  feel  that  we  have  been  listening  to  the  exposition 
of  a  new  art.  My  mind  goes  back  to  1893,  1896,  and  also  to 
1898,  the  time  of  the  **Moore  Chapel,"  when  the  Institute  heard 
from  Mr.  Moore  before.  In  those  days  what  he  had  to  show 
compares  with  what  he  shows  us  this  evening  as  Stevenson's 
original  **Rocket"  compares  with  the  modem  Atlantic  type  of 
locomotive.  Two  years  ago  on  entering  the  Madison  Square 
Garden,  I  was  greatly  impressed  wdth  the  appearance  of  a 
Moore  tube  in  the  lobby,  and  admitted  then  that  I  made  a 
mistake  in  considering  the  Moore  system  not  a  success.  I  had 
had  the  impression  that  it  was  good  only  for  illuminated  signs 
and  relatively  unimportant  work.  The  Madison  Square  Garden 
tube  was  a  revelation. 

We  should  be  careful  not  to  estimate  the  value  of  the  Moore 
system  solely  by  its  efficiency.  There  are  radical  differences 
in  the  character  of  its  distribution,  its  color,  and  its  method  of 
operation,  from  any  one  of  which  important  advantages  may 
spring.  For  instance,  on  account  of  its  longitudinal  source, 
the  intensity  of  the  Moore  light  does  not  vary  inversely  with 
the  square  of  the  distance,  and  from  this  follows  freedom  from 
shadows  and  a  certain  similarity  to  daylight. 

The  effectiveness  of  a  luminous  source  should  not  be  measured 
by  how  much  light  it  emits,  but  rather  by  how  much  light  it 
delivers  where  the  light  is  wanted.  A  lamp  of  high  intrinsic 
brilliancy,  that  is,  of  concentrated  source,  over-illuminates 
surfaces  near  it,  while  it  under-illuminates  surfaces  somewhat 
removed  from  it.  To  the  under-illuminated  surface  full  credit 
is  not  given  for  such  illumination  as  exists,  because  the  eye 
usually  rests  upon  this  surface  after  having  rested  upon  a 
brighter  surface  or  possibly  upon  the  lamp  itself.  There  has 
to  be  an  excess  of  light  on  surfaces  nfear  the  lamp  in  order  to 
bring  surfaces  away  from  the  lamp  up  to  the  desired  minimum 
of  illumination.  The  excess  illumination  being  unnecessary, 
is  wasted.  Worse  than  this,  ha\nng  fatigued  the  eye,  it  renders 
less  evident  the  illumination  that  does  actually  exist  upon 
the  under-iliuminated  surface.  The  largely  distributed  source 
(a  tube  many  feet  in  length)  is  what  I  had  in  mind  when  referring 
to  lighting  by  Moore  tubes  as  a  new  art.  Other  sources  of 
light  are  not  larger  in  volume  than  a  nutshell. 

We  must  be  ready  to  see  disadvantages  in  Moore's  system  as 
well  as  advantages,  and  I  hope  both  will  be  clearly  brought 
out  in  the  discussion. 
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C.  P.  Steinmetz:  The  second  part  of  this  paper  is  e3rtreinely 
interesting,  and  I  believe  is  a  valuable  addition  to  the  literature 
of  producing  light  by  what  may  be  called  an  improved  Geissler 
tube.  It  is  the  old  Geissler  tube  in  the  form  of  a  commercial 
illuminant.  If  we  look  back  on  the  history  of  Mr.  Moore's 
work,  we  find  that  originally  he  produced  a  varying-in-pressure- 
contact,  some  kind  of  a  flimsy  device  in  a  vacuum,  and  then 
proceeded  to  operate  Geissler  tubes  at  extremely  high  frequency, 
using  motor-generator  sets.  Here  at  last  we  find  the  light  at 
commercial  frequencies,  and  in  a  commercial  installation,  taking 
its  place  as  one  of  the  commercial  illuminant s. 

The  paper  gives  the  first  actual  engineering  data  of  this 
kind  of  light,  the  energy,  volts,  and  amperes  and  some  data 
on  efficiency,  etc.  The  author  gives  compilative  data  on  the 
illumination  produced  by  the  Moore  tube  and  the  incandescent 
lamp.  Later  on,  comparisons  are  made  between  the  arc  lamp 
and  other  systems.  I  am  not  impressed  with  the  comparative 
values  given,  except  that  they  show  that  incandescent  lamps  and 
arc  lamps  can  be  installed  in  such  a  manner  as  to  get  very  little 
light  from  very  much  power.  That  fact  was  known  long  ago, 
without  having  special  tests  made.  If  the  installation  of  the 
incandescent  lamp  is  left  to  the  artistic  sense  of  an  architect, 
or  to  mere  accident,  such  a  condition  will  obtain,  but  the  com- 
parison is  not  faur.  If  an  imsatisfactory  incandescent  light 
system,  unsatisfactory  by  reason  of  poor  installation,  poor 
type  of  reflector,  etc.,  is  replaced  by  an  intelligently  installed 
system,  the  advantages  of  the  latter  will  be  apparent.  I 
have  no  doubt  that  if  Mr.  Moore's  hopes  are  fulfilled,  and  in 
future  all  the  plumbing  establishments  in  cities  and  villages 
and  country  towns  have  a  department  of  glass  plumbing,  and 
if  a  future  illuminating  engineer  goes  around  in  the  country 
towns  or  villages,  he  can  use  the  old  3.1  watt  incandescent 
lamp  and  replace  very  many  Moore  tubes  installed  by  the  local 
plumber  and  show  a  vast  improvement  in  efficiency  by  intel- 
ligently installing  with  proper  reflectors,  the  old  incandescent 
lamp.  That  does  not  mean  anything:  it  only  means  that  if  the 
old  installation  of  incandescent  lamps  was  made  by  an  illumifia- 
ting  engineer,  he  should  have  his  license  withdrawn,  if  such  a 
thing  existed. 

Some  illuminating  efficiency  measurements  are  expressed 
in  terms  of  in  hefner-feet.  I  regret  the  use  of  the  word  hefner 
here.  In  the  United  States  illumination  is  measured  in  British 
candles,  not  in  hefner  candles.  The  hefner  candle  is  0.88 
times  the  British  candle,  so  that  the  values  given  in  the  paper 
have  to  be  multiplied  by  0.88  to  bring  them  to  the  American 
standard  of  illumination.  Mr.  Moore  finds  an  illuminating 
efficiency,  mean  hefner-foot  per  watt,  of  2.15.  One  British 
candle  as  a  source  of  light  of  one  mean  spherical  candle-power 
gives  an  illumination  of  one  candle-foot  at  one  foot  distance. 
One  mean  spherical  candle-power  then  gives  4?:  candle-feet,  or 


644  THE  MOORE  UGHT  lApril  26 

12.56  candle-feet,  dividing  this  by  0.88  to  reduce  it  to  hefner- 
feet,  gives  14.28  hefner-feet  per  mean  spherical  candle-power. 
Mr.  Moore  gets  2.15  mean  hefner-feet  per  watt;  reduced  to 
mean  spherical  candle-power,  this  means  that  his  light  consumes 
in  the  useful  illiunination  6 .  64  watts  per  mean  spherical  candle- 
power,  if  one  counts  only  the  light  which  reaches  the  illuminated 
plane.  It  means,  then,  that  a  very  considerable  part  of  the 
light  is  thrown  away,  absorbed  by  the  walls,  ceilings,  etc.  I 
do  not  believe  it  is  an  unfair  estimate,  for  such  a  class  of  light, 
to  say  that  50%  of  the  light  is  wasted.  That  is  estimating  that 
half  the  flux  or  light  radiated  by  the  tube  reaches  the  plane  of 
test.     That  would  give  an  efficiency  of  3.72  watts  per  candle. 

It  is  instructive  to  apply  this  to  the  last  column  headed 
**  Incandescent  system,'*  and  that  will  bear  out  what  I  stated, 
as  to  what  should  be  done  to  the  illuminating  engineer  who  in- 
stalled these  incandescent  lamps,  which  show  but  0.39  hefner- 
feet  per  watt. 

Assuming  4  watts  per  mean  spherical  candle-power,  which  is  a 
reasonable  value,  one  should  get,  for  all  the  useful  light  in  the 
illuminated  plane,  3.57  hefner-feet  per  watt,  or  eight  times  as 
much  as  is  given  here.  It  follows  that  if  these  were  four-watt 
incandescent  lamps  they  would  lose  seven-eights  of  the  light 
before  the  light  reached  the  illuminated  plane.  This  explains 
the  enormous  difference  in  illtmiination  by  these  two  sources. 

The  values  given  in  comparing  the  Moore  tube  with  the  arc 
lamp  system,  allowing  for  the  Moore  light  half  of  the  light 
wasted  before  it  reaches  the  illtuninated  plane,  indicate  an 
efficiency  of  2.56  watts  per  mean  spherical  candle-power,  and 
14.8  watts  per  mean  spherical  candle-power  of  the  flux  of  light 
sent  by  the  arc  lamps  on  to  the  illuminated  plane,  a  ridiculous 
value.  It  seems  probable  that  the  arc  lamps  were  hung  without 
reflectors  or  diffusers  anywhere  on  the  ceiling. 

In  the  photometric  tests  the  most  efficient  tube  gives  1.4 
watts  per  hefner-foot.     That  means  at  right  angles  to  the  tube. 

2 
The  light  in  the  equator  of  a  linear  source  is  -  the   average    or 

•  mean  spherical.  Dividing  by  0.88.  to  redtice  to  our  standard  of 
light,  the  British  candle,  gives  2.5  watts  per  mean  spherical 
candle-power  or  per  lumen,  that  is,  per  unit  flux  of  light.  The 
test  of  the  illumination  measurements  gave  2.56,  and  probably 
this  is  about  the  efficiency  of  light  production  of  the  Moore  tube. 
Leaving  out  all  illuminating  questions,  and  merely  considering 
the  matter  of  the  flux  of  light  per  watt,  the  next  point  to  con- 
sider, then,  would  be  .the  distribution  of  the  light.  But  the 
first  and  important  question  always  is  how  much  light  is  got 
from  the  source  of  light  ?  The  best  efficiency  of  the  Moore  tube 
seems  to  be  about  2 . 5  watt s  per  unit  flux  of  light ,  that  is,  per  Itmien. 
This  gives  about  the  same  efficiency  of  the  tantalum  lamp,  or  not 
very  far  from  the  enclosed  arc ;  it  is  better  than  the  carbon  fila- 
ment  incandescent  lamp,  but  inferior  to  the  tungsten  lamp. 
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The  carbon  dioxide  tube  is  recognized  as  less  efficient,  and  I 
do  not  need  to  refer  to  it.  I  desire  here,  however,  to  draw  at- 
tention to  the  fact  that  the  efficiency  of  the  Moore  tube  has 
arrived  at  that  stage  where  it  is  now  in  the  range  of  commercially 
practical  efficiencies  as  an  illuminant.  It  is  not  any  more  an 
inefficient  illtmiinant,  although  it  naturally  is  not  of  the  same 
class  in  efficiency  as  the  mercury-arc  lamp. 

Efficiency  of  light  production  is,  however,  not  the  only  thing 
to  consider.  The  essential  question  is  to  make  use  of  the 
light,  and  that  leads  to  the  question  of  distribution.  A  useful 
feature  is  the  low  intrinsic  brilliancy  which  eliminates  the 
dazzling  and  blinding  glare,  with  this  new  source  of  light, 
while  the  timgsten  filament,  for  instance,  is  rather  bad  in  this 
respect.  However,  too  much  importance  must  not  be  attributed 
to  this  feature,  because  even  a  point  source  of  light  can  be 
diffused  by  diffraction  or  diffusion,  a  holophane  or  frosted  globe. 
Light  is  lost  by  this  procedure,  but  if  five  hefners  per  square  inch 
is  considered  as  a  proper  low  intrinsic  brilliancy,  a  32-c-p.  tung- 
sten lamp  enclosed  in  a  frosted  globe  three  to  four  inches  in 
diameter  brings  the  intrinsic  brilliancy  of  the  whole  globe  down 
to  five  hefners  per  square  inch,  probably  less,,  with  from  15  to 
20  %  loss  of  efficiency,  and  still  leaves  an  efficiency  far  higher 
than  that  of  the  Moore  light.  You  can  allow  in  favor  of  the 
low  intrinsic  brilliancy  from  15  to  20%  lesser  efficiency,  but 
not  more,  because  you  can  get  low  intrinsic  brilliancy  by  dif- 
fraction with  this  loss. 

The  last  part  of  the  paper  is  a  rather  voluminous  discussion 
of  illuminating  engineering  matters,  which  would  be  very  essen- 
tially improved  by  greatly  shortening  it,  and  would  then  have 
more  value  by  making  it  more  probable  that  the  busy  engineer 
would  read  through  it,  and  there  are  some  features  in  it  which 
are  well  worth  reading,  but  they  are  buried  among  so  many  pages 
that  life,  as  a  rule,  is  too  short  to  afford  time  to  go  through 
it.     I  read   it,    however. 

The  author  refers  to  the  blinding  brilliancy  of  the  mercury 
tube.  I  have  never  noticed  that.  I  am  using  the  mercury  tube 
exclusively  as  an  artificial  illuminant  for  any  work  that  I  may 
have  to  do.  I  would  not  think  of  using  any  other  source  ot, 
artificial  light  and  find  it  by  far  the  best.  Further,  the  author 
says: 

The  only  commercial  and  proper  method  of  comparing  all  sources  of 
light  is  on  the  basis  of  their  ability  to  produce  useful  illumination,  and 
not  by  any  other  basis. 

I  should  challenge  that.  This  is  the  ultimate  purpose,  and 
the  customer  who  makes  a  contract  to  light  his  premises  with  an 
economical  amount  of  power  specifies  this;  but  to  the  illumina- 
ting engineer  who  takes  the  contract  to  put  in  the  lights,  the 
important  question  is  what  type  of  light  to  employ,  so  as  to  use 
the  least  amount  of  power  to  produce  the  best  illumination.  For 
the  illuminating  engineer  the  most  important  question  is  what 
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source  of  light  gives  the  maximum  flux  of  hght  for  a  given 
amount  of  energy,  the  maximum  quantity  of  light  per  watt. 
The  next  question  is,  whether  this  source  of  light  is  suitable  for 
direct  distribution,  or  how  much  of  the  light  may  have  to  be 
wasted  so  as  to  get  the  proper  distribution.  The  statement 
quoted  above  rather  begs  the  whole  question  of  illtmiinating 
engineering. 

The  statement  is  made  that  photometric  tests  do  not  amount 
to  anything.  That  is  an  old  statement,  and  has  been  repeated 
very  often,  but  I  do  not  think  that  anyone  will  accept  the  dictum 
that  the  mean  spherical  candle-power  does  not  mean  anything. 
While  with  a  light  source  of  this  kind  one  cannot  speak  of  mean 
spherical  candle-power,  one  can  speak  of  the  total  flux  of  light; 
and  it  does  mean  something  to  determine  how  much  total  flux 
of  light  can  be  got  per  watt ;  indeed,  as  stated  above,  it  is  the 
most  important  question  in  the  matter  of  artificial  illumination. 

So  we  must  know  how  many  lumens  per  watt  we  get,  and 
since  the  lumen  is  the  total  flux  of  light  which  one  candle-power 
gives,  it  is  a  convenient  substitute  to  speak  of  mean  spherical 
candle-power;  but  when  we  speak  of  mean  spherical  candle- 
power  with  a  linear  source  of  light,  as  the  mercury  lamp  or  the 
Moore  tube,  the  mean  spherical  candle-power  means  the  unit 
of  flux  of  light,  or  the  lumen,  and  that  is  independent  of  the 
shape  of  the  source  of  light. 

In  regard  to  the  proposed  method  of  comparing  lights,  by  lighting 
a  room  40  by  80  feet,  for  instance,  in  lighting  my  house  this  would 
not  help  me  much,  because  my  house  has  no  room  quite  so  large. 
Light  is  used  not  only  to  illtmiinate  stores  and  halls  but  a 
great  deal  is  used  for  other  purposes.  However,  if  illuminants 
are  to  be  tested  in  a  40-by  80-ft,  room,  to  find  out  which  illumi- 
nant  requires  the  least  energy  to  give  a  certain  illumination  in 
such  area,  there  would  be  found,  first,  the  mercury  lamp,  then  a 
long  interval;  then  the  tungsten  lamp,  and  another  long  interval; 
and  then  the  Moore  light,  the  tantalum  lamp,  and  the  enclosed 
arc,  and  finally  the  different  other  metal-filament  incandescent 
lamps  and  carbon  lamps  and  Nemst  lamps,  etc.  So  after  all, 
neither  the  Moore  light,  nor  any  incandescent  light,  has  the 
same  degree  of  efficiency  as  the  mercury  lamp. 

While  criticising  the  character  of  the  paper,  especially  the 
first  and  third  parts,  one  must  not  forget  that  the  second  part 
contains  some  very  valuable  and  important  information.  Mr. 
Moore  is  to  be  congratulated  on  the  great  advances  he  has 
made  in  the  last  few  years,  in  reaching  commercial  conditions 
with  his  light,  commercial  frequencies,  commercial  voltages. 
There  are  some  things  which  have  not  been  especially  dwelled 
on,  among  them  the  remarkably  ingenious  valve  arrangement 
of  feeding  air  or  gases  into  the  tube  and  maintaining  a  constant 
vacuum.     We  must  remember  that  the  vacuum  in  this  tube  is 

about  —rp- of  atmospheric  pressure.    To  maintain  constant  such 
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a  low  pressure,  not  visible  any  more  in  a  merctiry  gauge,  and 
maintain  that  constant  within  a  few  per  cent,  is  a  very  remark- 
able achievement.  So  while  criticising  a  part  of  the  paper,  I  do 
not  want  to  convey  the  impression  that  I  do  not  admire  the 
work  which  has  been  done  by  Mr.  Moore.  I  recognize  that  he 
has  made  enormous  steps  in  advance  since  we  last  heard  from 
him.  I  also  very  much  appreciate  the  very  ingenious  way  of 
feeding  these  gases  into  the  tubes,  and  the  method  of  getting 
rid  of  the  oxygen  in  the  air,  and  feeding  nitrogen  or  carbon 
dioxide.  These  are  remarkable  and  ingenious  devices  which  can 
only  be  admired. 

Percy  H.  Thomas:  Mr.  Moore,  has,  I  believe,  given  us  a 
very  timely  and  generally  satisfactory  paper.  In  addition  to  the 
general  information  about  and  description  of  his  actual  appara- 
tus, he  has  called  attention  to  a  number  of  valuable  points. 
For  example,  a  great  many  people  do  not  realize  the  value  of 
lighting  a  room  from  one  outlet  and  doing  away  with  the  pen- 
dants and  fixtures  and  small  outlets.  Not  only  is  a  great  deal 
of  expense  saved,  but  a  good  deal  of  fire-risk  as  well.  The  elimin- 
ation of  the  cost  of  multiple  outlets  and  many  units,  fuses,  cords, 
etc.  is  one  of  his  largest  factors  of  economy  over  incandescent 
lamps.  This  is  an  advantage  that  his  system  of  lighting  shares 
in  some  degree  with  the  Cooper-Hewitt  light. 

Mr.  Moore  has  always  maintained,  and  very  emphatically, 
that  his  tube  produces  artificial  daylight,  and  he  apparently 
expects  us  to  asstmie  that  there  is  no  difference  between  the 
Moore  light  and  daylight.  This  statement  should  be  challenged. 
In  the  first  place  daylight  gives  practically  a  continuous  spectrum. 
Mr.  Moore's  light  comes  from  gases  and  must  be  a  banded  spec- 
trum, a  few  colors  well  distributed  over  the  spectnmi,  it  is  true, 
but  still  unable  to  give  the  same  effect  as  a  true  continuous 
spectrum.  How  much  practical  importance  this  deficiency 
will  be  foimd  to  have  can  only  be  determined  when  a  sufficient 
number  of  commercial  installations  have  had  considerably 
extended  use. 

In  the  second  place,  the  tube  does  not  give  a  strictly  perfect 
diffusion,  though  at  first  sight  it  may  seem  that  this  is  the  fact. 
Illuminated  surfaces  are  plain  surfaces  and  have  two  dimen- 
sions, but  the  Moore  tube  has  only  one  dimension,  so  to  speak. 
The  diffusion  is  perfect  in  one  direction  and  very  imperfect  in 
the  other  direction.  Place  a  pencil  between  a  piece  of  paper 
and  the  light,  with  the  pencil  parallel  to  the  tube,  and  there 
results  a  relatively  dense  shadow.  Place  the  pencil  crosswise 
and  there  will  be  no  shadow  at  all.  This  shows  the  failure  to 
diffuse  across  the  tube. 

It  is  even  possible  with  incandescent  lamps  distributed  over 
the  ceiling  to  get  a  more  perfect  diffusion  than  with  the  Moore 
tube.  The  discontinuity  added  by  the  use  of  incandescent 
units  in  the  direction  of  the  length  of  the  tube  is  not  as  import- 
ant in  disturbing  uniform  distribution  as  the  large  gaps  between 
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the  tubes  in  the  other  direction.  Dr.  Pupin  with  his  "load-coils'*, 
which  he  used  in  telephone  circuits,  found  that  a  few,  perhaps 
seven  or  eight  coils  per  wave  length,  had  nearly  the  same  effect 
as  distributed  inductance  and  capacity. 

Furthermore.  I  cannot  agree  that  daylight  necessarily  pro- 
duces the  best  spectnmi.  This  a  matter  purely  of  experiment 
and  experience.  If  the  eliminating  of  the  red  or  the  violet  from 
daylight  is  found  to  make  an  improved  light  to  work  by  for  any 
particular  purpose,  it  is  then  better  to  suppress  the  red  or  the 
violet  rays.  I  believe  for  many  purposes  that  this  suppression 
is  advantageous. 

There  are  a  few  more  statements  that  perhaps  require  chal- 
lenging.    Mr.  Moore  says: 

It  is  now  impossible  to  state  definitely  what  their  final  life  will  be, 
beyond  the  general  statement  that  some  of  these  tubes  have  already 
been  in  operation  oyer  4000  hours  without  change,  and  that  there  are 
good  reasons  for  believing  that  they  should  continue  to  run  at  least  as 
long  again,  which  is  a  much  longer  life  than  any  other  form  of  illuminant 
yet  invented. 

If  he  will  take  pains  to  inquire,  he  can  find  out  a  great  many 
places  where  commercial  tubes  of  the  Cooper- Hewitt  type  have 
operated  for  10,000  hours ;  in  this  I  am  speaking  of  commercial 
installations. 

He  also  says : 

It  is  the  blinding  brilliancy  of  the  mercury  tube  that  makes  even  a 
direct  glance  at  it  so  very  harmful  to  the  feye. 

I  wish  to  state  here  that  this  statement,  the  equivalent  of 
stating  that  the  mercury  vapor  lamp  is  very  harmful  to  the  eye, 
is  diametrically  opposed  to  my  own  experience  with  this  type 
of  lamp. 

Mr.  Moore  disposes  very  summarily  of  the  new  types  of  incan- 
descent lamps,  but  perhaps  they  can  take  care  of  themselves. 

In  regard  to  Fig.  8  of  the  paper,  Mr.  Moore  has  taken  a  number 
of  stations  at  different  points  in  a  room  and  determined  the 
intensity  of  illumination  at  each,  and  then  averaged  the  results. 
These  points  are  well  chosen  to  determine  the  intensity  of  the 
illumination  at  different  locations,  but  it  is  not  fair  to  average 
these  values  as  they  are  taken,  to  get  the  average  illumination, 
because  some  of  them  represent  a  very  much  smaller  area  than 
others.  The  proper  way  to  obtain  such  an  average  is  to  divide 
the  surface  into  a  number  of  equal  units,  determine  the  illumina- 
tion of  each  unit,  and  average  these. 

Though  Mr.  Moore's  mercury  valve  for  supplying  gas  regularly 
is  very  ingenious,  yet  I  question  its  reliability  if  the  lamp  is 
left  unused  for  a  considerable  time.  Mercury-sealed  valves 
while  practically  tight  for  a  short  time  are  not  usually  so  in- 
definitely; after  a  while  the  mercury  absorbs  a  little  air  on  the 
surface  exposed  to  the  atmosphere  and  delivers  it  by  diffusion  on 
the  vacuum  surface.  Once  the  tube  leaks  sufficient  air,  by 
being  out  of  commission  for  a  month's  time  perhaps,  it  would  not 
start  up  again. 
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Some  difficulties,  I  imagine,  will  be  found;  for  example^  the 
great  inconvenience  of  a  failure.  This  room,  for  instance,  is 
entirely  dependent  on  each  particular  part  of  the  tube;  any 
crack  or  damage  done  to  the  tube  in  any  part  will  put  the  room 
in  darkness.  Furthermore,  repair  is  not  a  matter  of  taking  a 
spare  tube  out  of  the  closet  and  putting  it  up.  Dependance 
must  be  placed  upon  the  manufacturer.  The  organization  of 
a  well-disciplined  *  ^trouble  force' '  can  eliminate  some  of  the  trouble , 
but  in  many  cases  it  will  be  found  a  serious  handicap.  The 
power-factor  seems  to  be  a  variable  question.  If  the  power- 
factor  is  made  very  high  it  means  the  elimination  to  that  extent 
of  the  resistance  or  inductance  backing  which  absorbs  voltage, 
and  will  allow  more  variation  in  the  current  which  might  be- 
come a  serious  factor.  Where  power  is  bought  from  a  lighting 
company  and  paid  for  by  meter,  a  low  power-factor  is  not  serioiis 
because  only  the  drop  in  the  wiring  needs,  consideration;  but 
for  those  who  do  their  own  lighting  the  capacity  of  the  generator 
must  be  considerably  greater  for  a  low  power-factor  load  to  get 
a  given  quantity  of  energy  than  with  the  high  power-factor. 
This  will  be  an  added  charge  against  the  Moore  tube  in  cases 
where  the  power  is  used  largely  for  supplying  these  tubes. 

With  the  whole  illumination  dependent  on  one  or  two  or 
three  outfits,  it  is  impossible  to  light  a  small  portion  of  a  room 
only.  In  a  factory  two  men  who  are  working  in  a  comer  can- 
not light  that  comer  only,  but  mti^t  perhaps  use  ten  or  twenty 
times  as  much  energy  as  otherwise  would  be  required.  This 
objection  cannot  be  urged  against  the  Moore  tube  in  all  places; 
it  simply  shows  a  certain  limitation  when  the  broad  field  is 
considered. 

Summarizing:  it  is  a  little  too  soon  to  tell  what  the  commercial 
field  of  the  Moore  tube  will  be;  tmdoubtedly  there  is  a  field  for 
such  a  light. 

Its  good  points  are  its  relatively  high  efficiency  (not  the  best, 
but  relatively  good — probably  better  than  most  carbon  incan- 
descent lamps),  its  even  diffusion,  and  the  fact  that  it  has  no 
bright  spots  and  requires  very  few  outlets. 

Clayton  H.  Sharp:  I  think  we  all  greatly  admire  the  persistency 
of  purpose  and  the  courage  with  which  Mr.  Moore  has  tackled 
and  has  kept  tackling  for  ten  or  fifteen  years  this  great  problem 
of  the  production  of  artificial  light  by  the  incandescence  or 
luminescence  of  gases.  Certainly  the  goal  toward  which  he 
was  striving,  and  the  end  which  he  sought  to  reach,  was  a  most 
tempting  one.  We  have  all  heard  a  great  deal  about  the  low 
efficiency  of  all  of  our  ordinary  illuminants;  very  few  of  them  ap- 
proach five  per  cent,  luminous  efficiency.  Some  of  them 
may  reach  the  value  of  10%  possibly,  but  most  of  them  are 
perhaps  of  only  two  or  three  per  cent,  luminous  efficiency. 
It  certainly  is  a  very  attractive  problem,  that  of  producing  an 
illtuninant  working  at  a  luminous  efficiency  of  90%  instead  of 
6%.    I  think  we  all  regret  sincerely  that,  judging  by  present 
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indications,  in  his  endeavor  to  reach  this  worthy  goal  Mr.  Moore 
has  failed.  He  has,  however,  succeeded  in  producing  a  practical 
illuminant  which  will  undoubtedly  find  a  field  for  itself  in  cer- 
tain applications  and  which  has  an  efficiency  that  brings  it  on 
a  par  with  many  of  the  other  illuminants  of  the  present  day. 

Mr.  Moore  says  that  the  watts  per  hefner  of  the  yellow  tube 
vary  from  1 . 3  to  2 . 5  watts  per  hefner-candle ;  or,  in  other  words, 
from  1.5  to  2.9  watts  per  candle  measured  at  right  angles 
to  the  tube.  The  white  tube,  the  carbon  dioxide  tube,  has  a  lower 
efficiency,  but  no  data  are  given  on  the  watts  per  candle  of  the 
white  tube.  However,  we  may  arrive  at  a  value  by  comparing 
the  conclusions  drawn  from  two  of  the  illumination  tables  which 
Mr.  Moore  gives :  we  find  in  this  way  that  the  white  efficiency 
bears  a  ratio  to  the  yellow  efficiency  of  1 . 5  to  2 . 9,  or  about  1  to  2. 
In  other  words,  the  yellow  tube  is  about  twice  as  efficient  as  the 
white  tube.  I  do  not  think  we  can  lay  much  weight  on  these 
comparisons,  since,  as  Mr.  Moore  himself  has  stated,  all  compari- 
sons of  illuminants  made  by  taking  illumination  values  under 
certain  specific  conditions,  are  practically  valueless  as  general 
criteria  for  the  illuminants  themselves.  However,  taking  this 
comparison,  we  find  that  the  watts  per  candle  of  the  white  tube 
would  range  from  3  to  3 . 8.  The  yellow  tube,  according  to  this, 
shows  an  increase  in  efficiency  over  the  carbon-filament  lamp, 
but  this  increase  is  by  no  means  revolutionary.  On  the  other 
hand,  its  efficiency,  according  to  these  data,  is  considerably  less 
than  that  of  the  tungsten  lamp.  Consequently  we  can  say  in  a 
general  way  that  the  Moore  light  does  not  represent  an  essential 
gain  as  compared  with  the  other  illuminants  at  the  present  time. 
If,  therefore,  it  is  to  find  a  place  as  a  practical  illiuninant,  it 
must  show  certain  other  advantages  which  the  illuminants 
with  which  it  competes  do  not  possess. 

What  are  some  of  the  advantages?  It  g^ves  a  diffused  light, 
that  is  perfectly  true;  it  is  a  light  of  low  intrinsic  brilliancy,  it  has 
no  bright  spots  to  blind  the  eye;  it  does  away  with  a  certain 
amount  of  wiring  in  the  building.  What  are  some  of  the  dis- 
advantages. I  think  some  of  us  might  say  that  the  color  of  it 
is  not  all  that  it  should  be;  it  may  be  the  color  of  daylight, 
but  it  is  a  peculiar  kind  of  daylight ;  it  has  the  great  disadvan- 
tage of  not  being  divisible,  we  throw  a  switch  and  turn  on  all 
the  light  into  a  room;  we  cannot  have  a  little  light  here  or  there, 
as  we  need  it.  This  point  was  brought  out  by  Mr.  Thomas. 
This  indivisibility  of  the  Moore  light  makes  it  necessary,  it  seems 
to  me,  in  all  or  nearly  all  of  the  installations  where  it  is  used,  to 
supplement  it  by  some  other  system  of  lighting  which  has  the 
feature  of  divisibility.  It  would  hardly  do,  it  seems  to  me,  to 
place  all  the  reliance  for  the  lighting  of  a  room  of  any  import- 
ance whatever  on  a  tube  of  this  kind,  for  we  know  something 
about  the  fragilitv  of  glass.  I  do  not  think  that  we  can  consider 
the  tube  to  be  absolutely  immune  from  breakage,  and  if  it  breaks 
we  are  in  the  sad  position  of  being  obliged  to  call  in,  not  the 
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ordinary  plumber,  but  the  glass  plumber.  The  glass  plumber 
may  be  available  if  we  have  our  installation  within  a  proper 
distance  from  the  factory,  but  this  feature  would  be  a  very 
disadvantageous  one  in  any  installation  which  is  at  a  distance 
from  these  special  glass-plumbing  facilities. 

Another  serious  disadvantage,  noticed  here  to-night,  is  the 
flickering  due  to  the  alternating  current.  This  is  an  exclusively 
alternating-current  lamp  at  the  present  time,  and  when  it  is 
used  on  alternating  current  of  a  commercial  frequency,  such 
as  this,  we  notice  a  very  marked  flickering  on  objects  moved 
quickly  in  the  light.  In  cases  where  the  objects  have  to  be 
handled  with  rapidity  this  would  be  a  serious  practical  disad- 
vantage. In  any  room  where  the  objects  are  moved  rapidly 
the  effect  produced  could  be  scarcely  called  anything  less  than 
weird;  unless  it  is  possible  to  overcome  this  disadvantage  in 
some  practical  way,  and  it  is  hard  to  see  how  this  is  possible, 
we  must  mark  this  down  as  a  serious  detriment  to  this  style 
of  lighting. 

Another  result  of  the  indivisibility  of  the  lighting  is  its  inap- 
plicability to  localized  lighting.  Diffused  and  distributed  light- 
ing such  as  we  have  in  this  hall  is  excellent  for  many  purposes, 
but  we  do  not  want  it  for  all  purposes.  Where  localized  lighting 
is  desired  rather  than  distributed  lighting;  the  economical  illum- 
ination of  certain  portions  of  a  room  rather  than  uniform 
illumination  of  the  whole  room;  we  must  use  something  which 
is  capable  of  division,  and  the  Moore  tube  would  appear  to  be 
ruled  out  in  such  cases. 

Let  me  say  one  word  regarding  illuminometer  compari- 
sons of  various  illuminants.  This  method  is  undoubtedly 
excellent  for  many  purposes.  If  we  have  a  certain  room 
that  we  wish  to  illuminate,  and  if  we  could  carry  out 
illuminometer  tests  with  the  various  kinds  of  lighting 
appliances  that  are  available,  we  could  determine  the 
best  system  for  lighting  that  room,  but  unfortunately  re- 
search of  this  kind  is  something  which  cannot  be  carried  out 
except  under  very  special  conditions.  Ordinarily  the  matter 
of  illuminating  a  certain  space  has  to  be  given  into  the  hands 
of  an  illuminating  engineer  who  must  work  with  such  data  as 
are  available,  and  from  the  results  of  experience  he  has  had 
in  similar  installations,  to  choose  the  kind  of  illuminant  he  con- 
siders best  for  the  purpose  and  install  it  to  the  best  advantage 
he  knows  how.  As  Mr.  Moore  said,  compansons  of  illumina- 
tions made  under  certain  specific  conditions  are  generally  worth- 
less for  the  purpose  of  generalization,  vve  need  to  be  able  to 
generalize.  We  should  know  how  much  light  a  certain  source 
will  emit  with  a  given  amount  of  energy.  In  order  to  do  this 
we  have  to  study  the  source  itself  and  determine  its  total  flux  of 
light  per  watt.  This  does  not  mean  a  test  of  the  illiunination 
in  a  certain  specified  room,  40  by  80  feet,  but  a  study  of  the 
source  of  light  itself.     Without  wishing  to  depreciate  the  value 
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of  illumination  tests — for  illtunination  tests  I  thoroughly  believe 
in — I  do  not  think  we  could  accept  the  general  validity  of  results 
that  would  be  obtained  under  certain  specific  conditions,  in 
showing  the  availability  or  non-availabihty  of  all  sources  of 
light.  In  that  connection  I  wish  also  to  raise  my  voice  in  de- 
precation of  the  term  *  *  watts  per  hef net ' '  and  * '  hef  ner-f oot " .  It  is 
bad  enough  to  have  the  "candle-foot",  because  the  candle-foot 
ought  to  mean  the  product  of  the  candle-power  by  the  feet,  but 
it  does  not  mean  that.  When  we  lug  in  an  extraneous  unit  of 
light  which  is  represented  by  a  most  excellent  standard  of  light ; 
namely,  the  Hefner  Alteneck  amyl  acetate  lamp,  but  which  is 
not  practically  recognized  as  a  unit  in  this  country,  we  are  going 
far  astray  and  getting  badly  mixed  up  in  our  umts  of  measure- 
ments. If  Mr.  Moore  had  used  the  hefner-metre  in  measuring 
the  illumination  I  should  have  less  quarrel  with  him  because 
the  metre  and  the  hefner  go  together.  The  hefner  knows  noth- 
ing about  the  foot,  and  the  foot  does  not  know  much  about  the 
hefner. 

Another  statement  should  be  challenged,  and  that  is  that 
the  average  watts  per  candle  of  incandescent  lights  used  in  the 
city  of  New  York  is  in  the  neighborhood  of  five.  By  a  compar- 
ison such  as  one  can  make  from  a  casual  investigation  of  incan- 
descent lighting  in  New  York  and  London,  I  am  inclined  to  think 
that  perhaps  the  figure  of  five  watts  per  candle  might  apply  to 
the  lighting  in  London,  but  I  do  not  think  that  it  applies  to 
New  York  conditions. 

John  W.  Howell:  I  am  not  going  to  say  anything  about 
incandescent  lights.  It  has  been  my  pleasure  to  know  Mr. 
Moore  and  to  know  his  work  during  the  entire  12  years  he  has 
been  working  on  this  vacuum  tube.  At  first  he  showed  us  a 
small  Geissler  tube,  and  for  a  long  time  afterward  it  was  a  simple 
Geissler  tube,  and  when  everybody  thought  that  Mr.  Moore 
was  chasing  rainbows  he  stuck  to  his  work  with  a  persistence, 
courage,  and  enthusiasm  which  I  have  never  seen  equalled. 
The  light  which  we  see  to-night  is  a  development  from  the 
Geissler  tube,  and  it  has  been  accomplished  only  by  this  most 
persistent  work,  the  progress  having  been  made  little  by  little, 
step  by  step,  never  any  very  long  steps  until  quite  lately.  He 
has  at  last  produced  a  commercial  result.  As  he  says,  he  has 
added  a  commercial  illuminant  to  those  which  the  electrical 
engineer  has  at  his  disposal,  and  one  which  has  a  good  many 
uses  in  which  it  excels  others. 

There  may  be  things  in  Mr.  Moore's  paper  to  criticise.  I 
could  criticise  some  things  which  have  not  been  alluded  to 
yet,  but  I  have  no  mind  to  do  it.  My  only  wish  is  to  congratu- 
late Mr.  Moore  on  his  work. 

Among  the  uses  to  which  Mr.  Moore  applies  his  light  the  first 
he  names  is  art  galleries.  My  friend,  Dr.  Berliner,  has  just 
remarked  to  me  that  there  are  many  art  galleries  in  Europe 
which  are  open  only  during  daylight  hours  because  there  is  no 
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illuminant  safe  enough  to  be  trusted  in  those  galleries.  I 
think  this  light  would  be  admirable  for  such  work,  because  there 
is  no  possible  danger,  except  possibly  in  installing  it.  If  this 
light  could  be  once  installed,  the  public  could  have  the  use  of 
the  galleries  for  much  longer  hours  and  with  perfect  safety. 

Leon  Gaster:  The  researches  made  in  obtaining  light  from 
gaseous  conductors  within  glass  tubes  form  a  decided  advance 
in  the  conversion  of  electric  energy  into  light.  Bearing  in  mind 
however,  the  progress  recently  made  with  the  manufacture  of 
incandescent  lamps  by  the  use  of  metal  filaments  like  tantaltun 
osmium,  tungsten,  zirconium,  titaniimi,  etc.,  or  alloys  of  those 
metals,  with  some  of  which  efficiencies  are  now  obtained  of  about 
one  watt  per  candle,  the  practical  application  of  gaseotis  conduc- 
tors is  somewhat  reduced.  The  great  advantage  c^med  of  obtain- 
ing properly  diffused  illumination  by  the  use  of  the  Moore 
vacuum  tube  system,  can  now,  to  a  very  large  extent,  be  ob- 
tained by  the  use  of  the  more  modem  lamps,  in  combination 
with  proper  shades,  globes,  and  reflectors,  and  by  a  judiciotis 
distribution  of  the  lamps.  There  is  no  doubt  that  a  vast  field 
still  remains  open  for  the  application  of  this  gaseous  tube 
method  of  illimiination. 

Will  Mr.  Moore  kindly  say  whether  he  has  had  an  opportunity  of 
studying  the  effect  the  pink,  yellow,  etc.,  colors  have  upon  the  eyes 
because  for  the  present  there  seems  to  be  a  great  difference  of 
opinion  as  to  what  the  ultimate  effect  upon  sight  will  be,  by 
the  permanent  use  of  such  illuminants  as  the  Mooie  or  Cooper 
Hewitt  types.  I  should  venture  to  suggest  that  the  illumi- 
nating engineers  should  conveniently  have  such  an  investigation 
carried  out,  contributing  thereby  to  settle  the  prejudices  and 
objections  which  are  raised  against  the  use  of  such  types  of  il- 
luminants. Facts  and  data  gathered  from  unbiased  investigators 
would  form  a  valuable  guide  to  those  who  have  to  advise  in  these 
important  matters. 

Gano  Dunn:  I  am  in  sympathy  with  what  Mr.  Howell  has 
said  about  the  work  of  Mr.  Moore.  It  is  an  example  of  persis- 
tence that  has  seldom  been  exhibited  before.  We  have  known 
Mr.  Moore  as  harping  on  his  light  for  so  many  years  that  he  has 
become  a  symbol  of  the  persistent  inventor.  I  am  not  forgetting 
to-night,  as  we  are  taking  the  easy  course  of  looking  backward 
upon  his  work,  how  very  different  the  forward  look  was  during 
all  the  years  when  we  longed  for  the  day  when  we  should  have  cold 
light.  I  was  Tesla's  assistant  at  the  famous  lecture  he  delivered 
on  cold  light  at  extremely  high  frequencies;  I  know  of  other 
work  in  that  direction  that  has  failed  before  and  since;  I  know 
how  we  all  dreamed  of  the  day  when  the  secret  of  the  fire-fly 
should  be  revealed  and  we  should  have  sticks  of  cold  light  where- 
ever  we  wanted  them.  Those  sticks  of  cold  light  we  actually 
see  around  us  in  this  room.  They  represent  the  accomplish- 
ment of  an  ideal  the  engineering  and  scientific  world  has  long 
been  struggling  for. 
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I  venture  to  comment  on  that  criticism  of  Mr.  Moore's  paper, 
advocating  photometric  efficiency  measurements  as  the  only 
proper  comparison  of  illuminants.  by  sa5dng  that  we  have  a 
right  to  take  a  practical  view.  Here  we  are  sitting  in  a  room 
with  three  alternative  systems  of  illumination  at  command. 
Readings  which  I  was  permitted  to  observe  just  before  the 
meeting,  show  that  when  the  illumination  comes  from  the  ordi- 
nary source  of  lights  behind  the  cove,  10  kilowatts  of  electrical 
energy  are  required.  When  the  illumination  comes  from  the 
naked  lights  stnmg  around  the  border,  five  kilowatts  are  re- 
quired, and  when  the  illiunination  comes  from  the  tube,  four 
kilowatts.  It  is  obvious  to  every  one  of  the  two  hundred 
members  present  that  the  tube  constmies  less  energy  and  gives 
a  brighter  light  than  either  of  the  other  sources.  This  is  a 
practical  fact  that  no  discussion  of  photometry  or  brilliancy 
or  efficiency  can  do  away  with,  and  we  should  give  Mr.  Moore 
credit  for  having  accomplished  it. 

D.  McFarlan  Moore:  I  am  asked  how  much  gas  enters  the 
tube  and  how  often  it  has  to  be  replenished.  The  paper  stat  ?s 
that  some  tubes  have  already  run  about  18  months,  correspond- 
ing to  about  4000  hours,  without  replenishing.  The  paper  states 
also  that  any  tube  can  be  replenished,  that  is,  the  phosphorous 
bottle  can  be  replenished,  at  a  neglible  cost,  so  that  this  tube 
light  is  unlike  other  lights  to  the  extent  that  the  life  of  the  tube 
itself  is  practically  unlimited  because  it  does  not  blacken.  I 
am  asked  what  vacuum  gauge  I  referred  to.  It  is  a  new  vacuum 
gauge,  which  I  developed  for  this  particular  work.  I  did  not 
go  into  a  description  of  it  because  the  paper  is  long  enough  and 
I  wish  to  reserve  that  together  with  a  number  of  other  subjects 
for  future  papers.  I  am  also  asked  why  does  not  the  air  enter 
the  tube  when  the  light  is  out.  Mr.  Thomas  referred  to  this 
matter  and  doubted  the  ability  of  a  mercury  seal  to  hold  the 
vacuum  indefinitely.  I  know  of  a  number  of  cases  where  mercury 
seals  have  held  perfectly  for  years.  Besides  such  a  valve  can 
be  fixed  very  easily  in  case  there  should  be  any  leakage. 

Practically  all  Mr.  Steinmetz'  criticisms  will  be  found  to  be 
answered  in  the  paper.  There  is  one  thing  that  will  not  be  found 
in  the  paper  and  that  is  a  criticism  of  the  illuminating  engineers 
who  installed  the  other  systems  of  lighting  which  were  compared 
with  the  tube;  in  fact  they  need  to  be  commended,  not  condem- 
ned. The  highest  talent  in  the  country  was  procured  for  the 
lighting  of  this  splendid  hall  and  the  incandescent  lighting  is 
done  well  in  all  respects.  The  same  can  be  said  in  reference  to 
the  arc  lamps  that  were  compared  with  the  tube.  The  paper 
shows  the  location  of  these  arc  lamps,  and  I  am  sure  that  the 
majority  of  illuminating  engineers  would  agree  that  it  would 
be  a  very  difficult  problem  to  locate  these  arc  lamps  in  any 
more  desirable  6r  advantageous  positions  than  they  were  lo- 
cated in,  in  the  basement  where  they  were  supplanted  by  the 
tubes.     So  with  the  locanon  of  the  incandescent  lamps  in  the 
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lobby  of  the  well-known  theater,  which  is  one  of  the  tests  referred 
to.  These  lamps  are  installed  in  the  regular  orthodox  fashion ; 
that  is,  in  long  rows.  Fig.  8  shows  that  they  are  located  in  the 
best  possible  manner.  The  solution  of  the  diffusion  problem, 
when  using  the  incandescent  lamp  system,  is  to  place  them 
as  we  have  them  in  this  room;  viz.  92  separate  machines 
in  a  row  to  accomplish  a  certain  result  which  can  now  be  better 
obtained  by  one  machine,  a  plain  simple  tube. 

This  system  of  lighting  undeniably  differs  radically  from  all  of 
the  old  style  systems.  It  is  self-evident  that  the  light  diffused 
from  such  a  large  tube  more  nearly  imitates  daylight  than  any 
illumination  that  could  possibly  be  obtained  from  any  intense-- 
point  source.  I  maintain  that  man  cannot  do  better  than  try 
to  imitate  daylight.  No  form  of  light  will  probably  imitate  it 
absoluely,  but  it  should  be  our  endeavor  to  imitate  it  as  closely 
as  we  possibly  can.  Fortunately,  it  so  happens  that  simple 
carbon  dioxide  comes  closer  to  an  exact  imitation  of  average 
daylight  color  values  when  used  in  a  vacuum  tube  than  any  other 
form  of  light.  Its  superior  color  values  place  it  in  a  class  by 
itself.  The  most  delicate  shades  of  colors  have  been  matched 
under  the  tube  when  it  is  producing  the  pure  white  light  due  to 
c  Oj.  You  will  note  that  the  16-ft.  tube  on  the  platform  which 
early  in  the  evening  gave  a  30  hefner  per  foot  light  when  using 
nitrogen  is  gradually  changing  to  a  pure  white  Ught  because  it 
is  now  adjusted  to  feed  itself  c  Oj.  The  tube  lighting  this 
room  is  being  feed  with  nitrogen  and  therefore  a  yellow  light 
results  which  is  the  color  that  gives  the  greatest  efficiency. 
According  to  the  laws  of  nature,  about  twice  as  much  energy  is 
required  to  develop  the  necessary  wave  lengths  for  a  white  fight, 
that  is,  to  produce  a  spectrum  that  closely  corresponds  with 
daylight,  than  is  required  for  yellow  light  which  has  a  maximtim 
effect   upon  the  human  eye. 

The  length  of  life  of  the  tube  has  been  referred  to.  I  said 
that  8000  hours  would  be  longer  than  any  other  form  of  illumi- 
nant — I  refer  to  thoroughly  commercial  forms  of  illuminants — and 
then  also  assumed  the  illuminant  to  be  still  in  perfect  condition 
at  the  end  of  the  test.  It  is  true  that  some  mercury  tubes  have 
had  a  long  life,  but  at  anything  like  the  end  of  an  8000-hour 
run  a  mercury  tube  is  far  from  clean.  This  tube  will  remain 
at  the  same  degree  of  transparency  for  an  indefinite  period  of 
time,  and  therefore  the  maintenance  cost  for  long  tube  lighting 
is  exceedingly  low.  My  statement  about  the  brilliancy  of  the 
mercury  light  was  carefully  made.  I  said  a  direct  glance  at  the 
mercury  tube.  Judging  from  personal  experience,  I  again 
state  that  the  mercury  tube  is  harmful  to  the  eye  if  one  looks 
directly  at  it.  Mercury  tubes  seem  to  be  efficient  in  terms  of 
watts  per  candle-power  but  a  number  of  them  could  not  light 
this  room  as  efficiently  as  this  long  tube  does,  to  say  nothing 
of  the  mercury  tubes  prohibitive  color.  The  matter  of  breakage 
has  also  been  mentioned.     In  all  matters  of  engineering  it  is 
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well  to  have  duplicate  units,  and  therefore  large  areas  are  now 
provided  for  by  equipping  them  with  a  number  of  tubes  so  that 
the  absence  of  lights  from  one  tube  will  be  comparable  to  the 
going  out  of  an  arc  lamp  or  several  arc  lamps.  Such  large 
areas  as  department  stores,  for  example,  can  now  be  perfectly 
lighted  without  an  inch  of  wire  within  their  walls. 

Fears  were  expressed  that  these  tubes  could  not  withstand 
temperature  changes  without  serious  difficulties  arising  due 
to  expansion  and  contraction  of  the  glass,  but  practice  has 
proved  such  trouble  to  be  practically  nil  and  therefore  this 
system  is  applicable  to  street  lighting.  A  continuous  line  of 
tubing  can  extend  directly  above  the  curb  or  be  supported  from 
the  buildings  to  illiuninate  the  show  windows,  sidewalks,  and 
streets  with  a  perfectly  distributed  light. 

The  best  answer  to  the  discussion  on  power-factors  is  to  state 
the  cold  fact  that  this  tube  is  now  operating  at  this  moment 
at  a  76%  power  factor.  Dr.  Sharp  and  Mr.  Steinmetz  referred 
to  thematter  of  efficiency  and  also  spoke  of  the  spherical  candle- 
power  of  the  tube.  The  curves  in  the  paper  show  the  watts 
per  hefner  obtained  by  horizontal  measurement  of  a  portion 
of  the  tube.  I  prefer  the  hefner  after  having  had  years  of.  prac- 
tical experience  in  trying  to  use  other  so-called  standards  of  Ught. 
A  committee  of  this  Institute  after  a  thorough  in\  tctigation  has 
recommended  the  hefner  lamp.  So  far  as  divisibility  is  con- 
cerned, that  is,  having  lights  in  small  tmits,  much  can  be  said, 
but  I  will  simply  refer  you  to  Fig.  16. 

Ihe  images  of  moving  objects  have  been  referred  to.  It  is 
true  that  a  higher  frequency  is  advantageous  to  a  tube  of  this 
kind.  For  a  number  of  years  I  investigated  various  methods 
for  overcoming  these  imajes;  I  succeeded  to  a  great  extent,  but 
found  when  I  put  the  tubes  on  the  market  that  the  images  were 
not  an  important  factor  at  all.  Of  the  two  miles  of  tubing  in  use 
to-night  there  has  not  been  a  single  practical  commercial  objec- 
tion raised  on  this  question.  In  this  connection  it  should  be 
noted  that  all  who  have  actually  worked  under  the  light  speak 
of  its  softness  and  the  absence  of  any  eye-strain  whatever. 
Even  in  machine  shops,  where  it  was'  anticipated  the  movement 
of  the  lathes  would  be  important,  turned  out  to  be  negligible. 
On  frequencies  higher  than  60  cycles  per  minute  this  trouble  dis- 
appears entirely,  at  least  so  far  as  the  average  eye  is  concerned. 

In  reference  to  the  tests  proposed  in  a  room  40  by  80  ft.,  I 
still  most  decidedly  believe  that  such  a  method  is  the  o.ily 
practical  solution  of  the  problem  of  obtaining  true  commercial 
relative  values  of  the  various  forms  of  light.  I  said  that  local 
conditions  must  be  stated  in  every  test  of  this  kind,  but  of 
course  I  am  assuming  the  local  conditions  to  remain  constant 
for  any  series  of  tests  on  different  lights.  This  room,  for  ex- 
ample, has  a  neutral  color  and  uniform  fittings,  and  therefore 
each  lip^ht  would  have  a  fair  opportunity  to  do  its  best  if  the 
tesls  were  made  as  directed  in  the  paper.     I  believe  it  is  the 
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duty  of  all  electrical  organizations  to  aid  in  every  way  possible 
to  standardize  all  forms  of  light,  and  I  do  not  think  this  can  be 
accomplished  vmtil  a  room  such  as  I  have  described  has  been 
equipped,  and  I  believe  in  the  interest  of  science  such  a  room 
should  be  established  at  some  convenient  place. 

The  following  data  were  obtained  by  comparative  illumina- 
tion tests  made  in  this  assembly  room  of  the  Engineer's  Building 
this  afternoon  between  the  Moore  tube  lighting  system  and  the 
regularly  installed  concealed  incandescent  lamp  system  and  the 
temporary  rectangle  fonped  by  rows  of  exposed  incandescent 
lamps  which  is  the  same  size  as  the  rectangle  formed  by  the 
Moore  tube. 


Fir..  1— Assembly  room  No  2,  Engineers'  Building,  illuminated  by  the 
Moore  tube  light 

In  these  tests  a  portable  illuminomet  er  was  used  to  measure 
the  intensity  of  the  illumination  in  hefner-feet  at  nine  stations 
and  at  a  uniform  height  of  35  in.  from  the  floor. 

The  Moore  tube  is  made  of  clear  glass  and  is  located  as  shown 
in  Fig.  1.  It  is  176  ft.  long  and  forms  a  rectangle  62.5  by  25.5 
ft.  It  is  1.75  in.  in  diameter  and  is  not  provided  with  a  reflec- 
tor of  any  kind.  This  tube  is  automatically  feeding  itself 
nitrogen,  therefore  the  color  of  its  light  is  about  the  same  as 
that  of  incandescent  lamps.  Horizontal  photometric  tests  on 
a  portion  of  the  tube  0.5  in.  long  showed  the  tube  to  require 
1.6  watts  per  hefner  from  the  60-cycle  street  mains.  It  was 
operating  at  14.8  hefners  per  foot,  or  a  total  of  2600  hefners. 
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The  tube  having  only  been  recently  installed  has  run  only  some 
25  hours  and  has  not  reached  its  final  efficiency,  which  will  be 
1.4  watts  per  hefner  after  about  a  50-hour  run  and  thereafter 
it  will  maintain  this  efficiency  indefinitely. 

The  concealed  incandescent  lamp  system.  The  tubular  8-c-p. 
119- volt  incandescent  lamps  are  located  behind  the  cove  as 
shown  by  the  detailed  drawing  of  Fig.  1.  A  two-way  socket 
is  located  every  16  in.  therefore  288  lamps  are  in  use.  Immedi- 
ately behind  each  lamp  there  is  a  reflector.  The  lamps  and  entire 
equipment  is  new,  having  only  been  used  a  very  few  hours. 
Equally  spaced  on  the  longitudinal  center  line  of  the  ceiling 
of  the  room  are  located  3  incandescent  clusters  which  are  con- 
cealed by  opalescent  reflectors  each  containing  6  lamps  of  25 
candle-power. 

The  exposed  incandescent  lamp  system:  The  temporary 
circuit  of  incandescent  lamps  is  installed  to  parallel  the  tube, 
throughout  its  length.  It  is  therefore  located  close  to  the  tiibe. ; 
between  the  tube  and  the  edge  of  the^cove  so  that  all  of  the 
lamps  are  exposed  and  not  shielded  in  any  way.  They  are  all ; 
new  3.5-watt  117-volt  incandescent  lamps.  They  are  spaced; 
24  in.  apart,  and  therefore  90  are  in  use.  Each  lamp  is  in  a! 
vertical  position. 
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Conclusion 

1.  That  the  Moore  tube  lighting  system  has  4.6  times  the 
illuminating  efficiency  of  the  concealed  incandescent  lamp 
system  as  installed  under  these  local  conditions.  The  Moore 
tube  produces  85%  more  useful  illumination,  yet  requires 
60%  less  wattage  than  the  incandescent  lamp  system.  This 
test  emphasizes  the  inefficiency  of  concealed  lighting,  and  in 
many  cases  where  the  light  of  incandescent  lamps  is  used  to 
penetrate  opalescent  skylights  an  exposed  tube  can  produce  an 
equivalent  effect  for  about  one-tenth  the  power. 

2.  That  the  tube  produces  57%  more  useful  illumination,  yet 
requires  18%  less  wattage.  Under  average  commercial  con- 
ditions this  tube  would  have  shown  its  superiority  over  exposed 
incandescent  lamps  on  the  basis  of  2  to  1.  It  was  noted  that 
the  intrinsic  brilliancy  of  the  exposed  incandescent  lamps  was 
too  great,  but  not  so  that  of  the  tube. 

The  following  tables  show  the  results  of  the  tests  that  have 
been  made  this  evening,  while  this  meeting  has  been  in  progress. 
The  illumination  readings  for  each  of  the  three  systems  have 
been  taken  at  stations  Nos.  2,  3  and  4,  Figs.  1  and  2. 

For  convenience  in  comparison,  a  table  of  the  readings  on  the 
same  three  stations  is  abstracted  from  the  complet  test  made 
this  afternoon. 
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It  Will  be  noted  that  the  "illuminating  efficiencies"  agree 
closely  with  this  afternoon's  test  of  the  tube  system  and  the 
concealed  incandescent  system.  The  exposed  incandescent 
system  is,  how^ever,  61%  lower  because  in  this  afternoon's  test 
the  volts  were  higher  than  the  rated  voltage  of  the  lamps.  This 
serves  -o  illustrate  forcibly  a  well  known  characteristic  of  the 
incandescent  lamp;  that  is,  their  rapid  falling  off  in  efficiency 
with  a  drop  of  voltage,  for  it  will  be  noticed  in  the  first  test 
the  volts  were  119  as  against  117  in  the  second.  The  latter 
being  the  rated  voltage  of  the  lamps,  represents  the  true  effi- 
ciency based  on  these  three  stations.  Moreover,  since  the  same 
ratio  would  hold  for  all  stations,  the  illuminating  efficiency 
0.95  given  in  the  complete  test  should  be  06,  which  would 
make  the  tube  system  about  three  times  more  efficient  than  the 
exposed  incandescent  system  in  this  particular  case,  and  after 
the  end  of  50  hours'  run  when  the  tube  will  have  an  efficiency 
of  1 . 4  watts  per  hefner  the  ratio  will  be  1  to  3 . 4.  Finally,  after 
500  hours  run,  when  the  average  efficiency  of  the  incandescents 
will  be  about  4.5  watts  per  hefner,  the  tube  would  show  an 
illuminating  efficiency  over  four  times  that  of  the  exposed 
incandescent  lamps. 

It  will  also  be  noted  that  neither  a  similar  change  in  the  tube 
voltage  nor.  a  considerable  change  in  the  tube  watts  due  to 
adjustment  of  the  gas  valve  has  materially  altered  its  illumina- 
ting efficiency. 


\      - 
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The  complete  test  covers  symmetrically  one  quarter  of  the 
room,  which  is  also  symmetrical,  and  therefore  represents  ac- 
curately the  average  illumination  of  each  system.  Therefore  a 
room  of  this  kind  can  be  lighted  by  the  Moore  tube  for  one- 
fourth  the  cost  at  which  it  can  be  done  by  incandescent  lamps. 
Similar  comparative  tests  with  all  other  commercial  lights  will 
prove  the  long  tube  the  most  desirable.  However,  there  is  no 
cause  for  alarm,  because  the  adoption  of  the  tube  must  be 
gradual  and  the  commercial  field  is  so  great  that  there  is  plenty 
of  room  for  all  forms  of  illuminants,  each  of  which  will  continue 
to  occupy  its  own  particular  field.  The  efficiency  race  between 
gas  and  electricity  has  always  been  keen,  but  I  believe  the  tube 
has  placed  electricity  in  the  lead  once  more. 

Reference  has  been  made  to  art  galleries.  I  will  merely  add 
that  in  order  to  grasp  the  spirit  of  a  painting  it  should  always 
be  viewed  under  the  same  quality  of  light  it  was  executed  tmder; 
namely,  daylight.  Jherefore,  the  picture  should  be  viewed  in 
the  closest  imitation  of  daylight  possible  and  this  can  be  done  by 
using  plain  carbon  dioxide  in  a  vacuum  tube. 

Mr.  Gaster  referred  to  the  color  problem,  and  asked  as  its 
effect  on  the  human  eye.  The  paper  answers  that  .question. 
The  light  that  comes  nearest  to  the  natural  light  is  the  one  that 
is  best.  The  nearer  we  approach  to  daylight  the  further  away 
we  shall  be  from  doing  injury  to  the  eye.  There  are  three  factors 
of  importance  in  connection  with  injury  to  the  eye  so  far  as 
light  is  concerned:  color,  intensity,  and  steadiness.  The 
object  should  be  to  generate  a  light  at  such  a  low  intensity  that 
it  can  be  used  in  its  initiative  condition  and  final  condition; 
that  is,  without  the  need  of  shades,  etc.  The  incandescent 
lamps  or  any  of  the  point  sources  of  light  need  shades  either  to 
soften  the  light  or  to  reflect  it,  or  diffuse  it  or  tone  down  its 
color.  With  the  tube  method  we  can  decide  before  we  make 
the  lamp  just  what  color  we  need  and  obtain  it  by  using  the 
proper  gases.  I  wish  to  refer  to  a  remark  I  first  made  about 
10  years  ago,  namely,  that  I  believe  the  most  important  scien- 
tific advances  of  the  near  future  would  in  one  way  or  another 
be  connected  with  the  vacutim  tube.  The  theory  and  facts  I 
have  presented  to-night  will,  I  think,  sustain  this  contention. 

Clayton  H.  Sharp  (by  letter) :  In  considering  the  color  of  the 
tube  with  which  this  hall  is  lighted,  attention  should  be  called  to  a 
well  marked  phenomenon,  which  doubtless  all  of  you  have 
noticed  and  which  to  my  mind  is  very  significant.  We  have 
seen  that  when  the  incandescent  lamps  are  turned  on  after  the 
Moore  light  has  been  in  use  for  so  long  a  time  that  we  no  longer 
find  its  color  particularly  strange — ^the  incandescent  lights 
have  a  very  decidedly  greenish  hue.  Their  light  looks  very 
much  like  that  from  an  old  style  incandescent  gas  mantle  when 
the  latter  is  viewed  in  comparison  with  an  incandescent  lamp. 
Now  we  know  from  actual  spectro-photometric  measurements 
that  the  old  style  incandescent  gas  mantle  does    contain  an 
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excesis  of  green  in  its  spectnun,  and  we  know  also  that  this  is 
most  distinctly  not  the  case  with  the  light  from  an  incandescent 
lamp.  The  spectrum  of  the  latter  light  is  continuous  and 
approximates  very  closely  to  the  spectrum  of  an  absolutely 
black  body;  that  is  to  say,  all  colors  are  emitted  with  equal 
facility.  How  then  do  we  account  for  the  fact  that  this  light 
looks  greenish  when  viewed  by  eyes  which  have  grown  accus- 
tomed to  the  color  of  the  Moore  tube  ?  It  seems  to  me  that  the 
explanation  is  to  be  sought  by  a  consideration  of  some  of  the 
simple  facts  of  physiological  optics.  The  green  sensation  which 
we  get  on  loolang  at  the  light  of  the  incandescent  lamp  is  a 
color  contrast  effect.  It  is  produced  by  the  influence  on  the  eye 
of  long  exposure  to  a  light  which  contains  an  excess  of  red. 
In  other  words,  the  continuous  exposure  to  the  excessive  red  of 
the  Moore  tube  causes  a  temporary  red  blindness  due  to  retinal 
fatigue.  Under  these  circumstances  any  light  containing  a 
normal  amount  of  all  the  colors  will  necessarily  appear  strongly 
tinged  with  green.  It  should  be  noted,  therefore,  that  the  green 
which  is  seen  is  not  actually  in  the  incandescent  light  itself,  but 
is  a  subjective  phenomenon  induced  by  the  unnatural  color  of  the 
vacuum  tJiibe  light.  This  state  of  affairs  opens  up  at  once  a  wide 
field  for  speculation  and  experiment  on  the  possibility  of  more 
permanent  and  perhaps  harmful  effects  being  produced  upon 
the  eye  if  the  Moore  tube  were  used  habitually  as  an  artificial 
illuminant.  The  advocates  of  the  mercury- vapor  light  claim 
that  a  greenish-hue  light  is  best  for  the  eyes  as  far  as  fatigue 
is  concerned,  and  that  red  is  harmful.  If  this  claim  is  foiinded 
on  fact,  the  light  from  this  Moore  tube  must  suffer  greatly 
by  comparison  with  the  light  from  the  mercury-vapor  tube. 
But  is  this  claim  well  founded  ?  Do  we  know  what  hue  a  light 
must  have  in  order  to  make  it  best  for  the  eyes?  We  have 
frequently  had  expressions  of  individual  opinions  on  these 
matters,  but  as  far  as  I  know  no  thorough-going  investigation 
of  our  variously  colored  sources  of  light  to  determine  what  hue 
a  light  should  possess  to  enable  work  to  be  done  by  it  with  the 
minimum  of  fatigue  has  ever  been  carried  out  and  published 
in  such  a  way  as  to  furnish  practical  engineering  data  on  this 
most  important  subject.  With  the  widely  ranging  hues  which 
the  illuminant s  of  the  present  day  exhibit,  this  problem  has 
a  significance  which  was  absent  fifteen  years  ago,  when  parti- 
colored illuminant s  were  unknown,  and  it  seems  to  me  that  the 
time  has  come  when  it  ought  to  be  attacked  by  illuminating 
engineers  and  by  oculists  working  in  cooperation  with  each 
other. 

R.  A.  Fessenden  (by  letter) :  A  member  of  the  Institute  has 
good  reason  to  be  proud  of  the  achievements  of  his  fellow 
members  in  considering  the  history  of  electric  lighting.  At  the 
beginning  we  have  the  incandescent  lamp  of  Edison  and  the 
arc  lamps  of  Thomson  and  Brush;  at  the  present  time  it  is  to 
members  of  this  Institute  that  the  world  is  indebted   for  th«» 
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most  efficient  developments  in  the  four  great  classes  of  electrical 
illtmiinating  devices.    These  are: 

1.  The  point  incandescence  source,  represented  bv  the  helion 
lamp  of  Messrs.  W.  G.  Clark  and  H.  C.  Parker. 

2.  The  point  arc  source  represented  by  the  magnetite  lamp 
of  Doctor  Steinmetz. 

3.  The  tube  vapor  source  represented  by  the  Cooper-Hewitt 
mercury  lamp. 

4.  The  tube  gas  source  represented  by  the  Moore  lamp. 

It  is  always  unsafe  to  put  a  limit  to  developments  in  any 
particular  line,  but  I  am  inclined  to  the  opinion  that  these  four 
types  will  not  be  greatly  improved  upon  and  will  remain  the 
standard  methods  of  illumination  until  they  are  supplanted  by 
some  purely  chemical  means  as  suggested  by  Professor  Elihu 
Thomson.     This  is  not  likely,  however,  for  a  good  many  years. 

The  various  other  types  of  lamps  such  as  the  tantaliun,  osram, 
osmiiun,  ttmgsten,  graphitized  filament,  calcium  arc,  Nemst 
lamp,  etc.,  must  I  think  all  be  considered  as  transition  apparatus. 

The  labor  and  energy  spent  in  devising  these  types  of  lamps 
is  not,  however,  wasted.  The  development  of  the  metallic- 
filament  lamps,  for  example,  has  placed  within  our  hands  new 
methods  of  obtaining  the  rarer  metals  in  workable  form,  and, 
as  in  the  case  of  tantalum  and  osmium,  has  furnished  us  with 
new  materials  which  are  bound,  sooner  or  later,  to  be  of  use  in 
other  lines. 

It  will  be  noted  that  the  efficiency  of  all  these  types  of  lamps  is 
in  the  neighborhood  of  one  watt  per  candle,  and  I  am  inclined 
to  think  that  by  no  method  in  which  the  light  is  produced  by 
electricity  will  this  efficiency  be  much  exceeded,  except  possibly 
from  a  monochromatic  source. 

Mr.  Moore's  paper  must  be  considered  definitely  to  mark  the 
beginning  of  a  new  era  in  electric  lighting.  Now  for  the  first 
time  we  have  a  source  of  electric  hght  which  is  not  intrinsically 
brilliant  and  does  not  need  to  be  shaded  or  diffused.  Also  for 
the  first  time  a  uniformly  distributed  illumination  can  efficiently 
be  obtained. 

Some  doubts  have  been  expressed  as  to  the  accuracy  of  Mr. 
Moore's  measurements,  but  the  objections  are  based  upon  lack 
of  knowledge  of  the  elementary  principles  of  photometry.  It  is 
too  self-evident  to  require  argument  that  a  much  higher  uniform 
intensity  of  illumination  will  be  obtained  with  the  same  amount 
of  energy  from  a  distributed  source  than  from  a  localized  one. 

With  reference  to  the  efficiency  of  the  Moore  lamp,  this  agrees 
almost  exactly  with  some  measurements  made  by  me  and 
published  in  1901* 

Of  vacuum  tube  lamps,  many  have  been  suggested.  It  must  be 
nearly  thirty  years  ago  that  the  first  attempt  was  made  to  light  a  mine 
with  vacuum  tubes  and  induction  coils.  Since  then  we  have  had  many 
types,  as.  for  example.  Crookes  cathode  bombardment  lamp,  and  others 

*'*Light  without  Heat,"  Electrical  World  and  Engineer,  January  5th, 
1001: 
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which,  surrounded  by  a  cloud  of  non-luminous  verbosity,  have  not  done 
much  actual  illuminating.  The  only  approach  to  success,  of  which  the 
writer  is  aware,  is  the  admirable  work  •!  Macfarlan  Moore.  I  know  of  no 
reason  why  his  lamp  should  not  ultimately  prove  a  success  for  certain 
classes  of  work,  where  very  long  tubes  and  high  potentials  are  not  ob- 
jectionable. In  1890  I  made  pieasurements  on  the  efficiency  of  vacuum 
tube  illumination,  by  passing  the  current  a  certain  time,  measuring  the 
candle  power  of  the  tube,  due  to  the  light  from  the  gas,  and  then  drop- 
ping the  whole  tube  into  the  water.  (I  was  fonder  of  glass  blowing  then 
than  I  am  now.)  From  the  energy  put  in,  (for  an  ammeter  I  used  a  hot 
wire  voltmeter,  with  silver  instead  of  platintun;  this  is  a  good  instru- 
ment for  such  work)  the  heating  of  the  water,  and  the  candle  power,  the 
efficiency  was  determined.  It  came  out  quite  high,  slightly  less  than  1  tuatt 
per  candle  power.  Most  of  the  loss  was  found  to  be  in  the  heating  of  the 
anode  and  cathode,  and  this  it  was  attempted  to  overcome  in  two  ways. 
First  by  lengthening  the  tube,  which  gave  good  results,  though  not  com- 
mercial, and  secondly  by  making  the  gas  itself  the  secondary  of  a  trans- 
former. This  failed  because  of  too  great  hysteresis  loss  in  the  iron, 
though  one  type  was  not  so  tmpromising. 

Some  question  has  been  raised  as  to  the  commercial  future 
of  the  Moore  lamp.  I  do  not  agree  with  those  who  hold  that  its 
use  will  be  a  limited  one.  While  the  introduction  of  any  new 
system  is  always  more  or  less  slow,  I  believe  that  in  the  not  far 
future  the  greater  part  of  the  interior  light  load  of  city  stations 
will  consist  of  Moore  lamps.  The  construction  of  the  Moore 
lamp  is  especially  suited  for  the  coming  types  of  concrete  build- 
ing architecture,  and  were  I  an  architect  I  should  not  consider 
the  lighting  of  any  public  hall  or  lodge  room  by  any  other 
means  than  a  Moore  lamp.  While  it  would  not  pay  to  alter  the 
present  method  of  lighting  the  auditorium  of  the  Engineers' 
Building,  I  would  suggest  that  it  might  be  worth  while  ascer- 
tainin[];  whether  the  Moore  light  could  not  be  advantageously 
used  in  lighting  the  library  and  some  of  the  halls  of  the  building. 

At  the  same  time  that  we  admire  the  results  obtained  and  the 
ingenious  means  by  which  they  are  accomplished,  we  can  not 
help  but  extend  our  admiration  to  the  pluck  and  perseverance 
with  which  Mr.  Moore  and  those  associated  with  him  have 
worked  on  in  the  face  of  apparently  insurmountable  difficulties 
until  they  have  now  finally  reached  I  believe  the  point  of  com- 
mercial success.  It  has  sometimes  occurred  to  me  that  much 
more  courage  is  sometimes  shown  in  financial  undertakings  than 
in  actual  warfare. 
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AN  ANALYSIS  OF  THE  DISTRIBUTION  LOSSES  IN  A 
LARGE  CENTRAL  STATION  SYSTEM 

BY    L.    L.    BLDBN 

The  central  station  system  under  consideration  is  typical  of 
those  in  service  throughout  the  country,  serving  the  larger 
centers  of  population  and  including  adjacent  suburban  districts 
within  a  radius  of  upwards  of  fifty  miles  from  the  main 
generating  station. 

This  system,  as  is  the  case  with  many  similar  systems,  com- 
prises the  business  of  a  number  of  companies  that  have  been 
amalgamated  into  one  large  organization.  This  larger  organiza- 
tion, with  its  greater  financial  resources  and  highly  trained 
administrative  and  engineering  forces,  has  naturally  proved 
better  fitted  to  meet  the  demands  for  service  arising  from 
an  area  of  450  square  miles,  in  which  thirty  cities  and  towns, 
having  a  population  of  1,000,000  persons,  are  served  by  the 
system. 

Of  the  1800  miles  of  streets  included  in  the  territory,  750 
miles  are  covered  by  the  lines  of  the  system,  which  extend  43 
miles  in  a  single  direction  from  the  generating  station.  The  total 
50-watt  equivalents  connected  to  the  system  aggregate  1,600,000, 
cqifal  to  80,000  kilowatts.  This  load  comprises  the  usual 
mixture  of  power,  heating,  and  lighting  apparatus  which  con- 
stitute the  business  of  a  central  station  system.  The  maximum 
demand  is  approximately  44%  of  the  connected  load  at  the  time 
of  the  yearly  maximum,  and  approximately  27%  during  the 
average  days  of  the  year.  These  two  results  are  indicated  by 
Fig.  1,  which  shows  the  average  load  curves  of  the  system  for 
the  maximum  and  average  days  of  the  year  1906. 
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The  generating  equipment  consists  of  two  main  genera- 
ting stations,  one  generating  three-phase,  60-cycle  alternating 
current  exclusively,  and  the  other  generating  low-tension  direct 
current.  In  addition  there  are  two  small  generating  plants 
located  at  remote  parts  of  the  system,  which  are  still  in  service 
independent  of  the  main  system.  When  convenient,  these  will 
be  discontinued  as  generating  stations  and  converted  into  sub- 
stations supplied  with  current  from  the  main  generating  station. 
To  facilitate  the  distribution  of  current  over  the  large  territory, 
sub-stations  are  maintained  at  suitable  centres,  at  which  points 
the  high-pressure  transmission  lines  deliver  60-cycle,  three- 
phase,  alternating  current  for  conversion  to  direct  current  and 
alternating  current  at  voltages  suitable  for  commercial  purposes. 

As  will  appear  in  some  of  the  tables  given  later,  three  trans- 
mission pressures  are  used ;  namely,  2300  volts,  4600  volts,  and 
6600  volts.  In  explanation  of  the  apparent  complication  of 
voltages  in  the  transmission  system — it  was  f oimd  more  conven- 
ient and  economical  to  maintain  certain  installations  of  tmder- 
groimd  cables  and  motor-generators  which  were  acquired  in  the 
purchase  of  another  company's  plant,  than  to  abandon  the  large 
investment  represented  by  such  equipment.  All  new  installa- 
tions are  made  at  6600  volts,  it  being  the  intention  gradually  to 
eliminate  the  lower  transmission  voltages  as  conditions  may 
dictate. 

Throughout  the  entire  system  but  three  forms  of  service  are 
supplied  for  commercial  purposes;  that  is,  either  low-tension 
direct  current,  single-  or  three-phase  alternating  current. 

The  low-tension,  direct-current  district,  representing  slightly 
less  than  1%  of  the  total  area  of  the  system,  is  supplied  exclu- 
sively by  three-wire  direct-current  at  115-230  volts.  This  is 
used  indiscriminately  for  power,  lighting,  and  heating  service. 

Similarly,  the  alternating-current  district,  embracing  99%  of 
the  area,  is  supplied  exclusively  by  the  alternating-current 
system  of  distribution.  Three  types  of  primary  distributing 
circuits  are  used  in  the  various  sub-station  districts,  accord- 
ing to  the  demands  for  service,  as  follows : 

1.  2300-volt,  single-phase  circuits  in  resident  districts  where 
only  lighting  and  small  power  service  is  required. 

2.  2300-volt,  three-wire,  three-phase  circuits  are  used  in 
districts  of  limited  areas  where  mixed  lighting  and  power  service 
of  considerable  amotmts  are  to  be  furnished. 

3.  2300-volt,    four-wire,    three-phase    circuits    are    used    in 
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districts  covering  large  areas  where  mixed  lighting  and  power 
service  is  furnished. 

In  each  of  these  cases,  however,  service  is  furnished  to  the 
customers  at  115-230  volts,  single  phase,  for  lighting  and  small 
power  service,  and  230  and  550  volts,  three  phase,  for  power  ser- 
vice. 

In  addition  to  the  types  of  service  previously  referred  to  for 
commercial  service,  there  remains  the  street-lighting  service, 
which  is  supplied  at  6.6  amperes  direct  current,  or  alternating 
current,  for  both  series-arc  and  incandescent  lamps.  In  one 
district  3.5  amperes  series  incandescent  lamps  are  used,  but  this 
is  not  considered  as  standard,  and  is  subject  to  change  when  con- 
venient. 

To  place  the  system  on  the  basis  described  above  has  not  been 
so  simple  a  procedure  as  may  seem  from  a  cursory  reading  of 
the  preceding  statements.  With  the  acquisition  of  each  new 
interest  and  its  territory,  it  was  foimd  that  special  forms  of 
service  were  being  supplied  to  customers,  in  most  cases  differing 
from  those  which  are  now  considered  as  standard.  As 
a  result,  at  one  time  in  1903  some  twenty  different  forms  of 
service  were  being  supplied  to  customers,  with  the  attending 
complications  in  operating.  Special  apparatus  was  maintained 
and  operated  to  supply  these  different  services,  with  results 
far  from  economical;  and,  while  much  of  the  apparatus  in 
service  was  as  modem  as  it  was  possible  to  be,  some  could 
scarcely  be  considered  in  that  class. 

It  was  apparent  from  a  comparison  of  the  kilowatt-hours  sold, 
with  the  kilowatt-hours  generated,  that  the  difference  was  too 
great  to  be  consistent  with  good  practice.  To  ascertain  the 
reason  a  complete  survey  of  the  whole  system  was  imdertaken 
with  a  view  of  eliminating  the  uneconomical  features.  This 
investigation  involved  an  examination  of  each  customer's  con- 
nected load  and  demand;  the  capacity  of  and  demand  on  each 
transformer  in  the  alternating-current  district;  the  losses  in 
transmission  lines,  feeders,  and  mains,  the  operation  of  all  sta- 
tion apparatus;  the  accuracy  of  all  recording  meters — ^in  short,  all 
the  details  of  the  uses  of  current  by  the  company  and  its  cus- 
tomers. As  a  result  of  this  inquiry,  it  was  deemed  advisable  to 
proceed  with  the  necessary  changes.  These  changes  which  were 
commenced  in  1903  affected  the  following  parts  of  the  system. 

A  certain  district  was  specified  in  which  no  form  of  service 
other  than  the  three- wire,  115-230- volt,  direct-current  service 
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would  be  supplied.  This  made  it  necessary  to  transfer  all  the 
alternating-current  customers  affected,  to  the  direct-current 
system,  remove  all  transformers  in  this  district,  and  re-connect 
the  alternating-current  mains  as  a  part  of  the  direct-current 
system. 

The  500- volt  direct-current  service  was  abandoned,  and  all 
motors  located  in  the  direct-current  district  were  adapted  for 
230-volt,  direct-current  operation,  while  such  as  were  outside 
of  the  direct-current  district  were  replaced  by  alternating-current 
motors. 

A  number  of  new  sub-stations  were  installed  in  the  direct 
current  districts  to  provide  for  serving  the  lapidly  increasing 
business  of  the  company,  and,  at  the  same  time,  to  recuce  the 
excessive  losses  in  feeders  and  mains  by  shortening  and  rear- 
ranging the  distributing  points  of  existing  feeders,  as  well  as  the 
addition  of  new  ones. 

In  the  alternating-current  district  secondary  networks  were 
installed  and  the  niunber  and  capacity  of  transformer  reduced, 
the  total  reduction  in  this  case  being  30%  of  the  installed  capac- 
ity. Changes  in  sub-station  apparatus  were  effected  by  the  intro- 
duction of  new  apparatus,  all  adapted  to  supply  the  standard 
forms  of  service. 

The  results  of  these  changes  may  be  seen  by  reference  to 

TABLE  II. 


Kilowatt-hours 
generated. 


Kilowatt-hours 
sold. 


Percentage  of 

kilowatt-hours 

sold 


year  ending  June  »i.  1903 

"       -  1904 

-       -  1905 

•■       "  1906 


49.122.344 
57.531.315 
64.161.987 
74.582.311 


31.569.741 
37.220.199 
41.910.281 
52.003,000 


64.26 
64.67 
65.31 
69.82 


To  illustrate  further  the  increased  efficiency,  Figs.  2  and  3 
are  presented,  covering  the  operation  of  the  system  for  12  months 
ending  June  30,  1906.  Fig.  2  shows  the  percentage  of  sales  and 
company's  use  for  the  year  by  months,  and  Fig.  3,  the  actual 
sales  and  company's  use  in  kilowatt-hours  for  the  same  periods. 

In  Table  II,  it  will  be  seen  that  there  was  an  increase  in 
four  years  of  5.56%  in  the  sales  as  compared  with  the  manu- 
factured kilowatt-hours.  This  result,  however,  is  an  average 
for  the  whole  year  1906.  Referring  to  Fig.  2,  it  will  be  seen 
that  for  the  last  six  months  of  the  year  the  average  is  much 
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higher,  it  being  actually  73.65%,  this  figure  indicating  future 
possible  results. 

It  will  be  noted  that  the  curves  in  Figs.  2  and  3  show  an  ab- 
normal percentage  of  sales  for  the  month  of  February;  this  is 
explained  by  the  fact  that  the  station  data  on  manufactured 
kilowatt-hours  for  February  represent  a  month  of  28  days;  while 

Fig.  4 

Curves  of  Infltantancow  Losses  in  ihe  Electrical  Equipment  of  the 
Si|stem  at  it  Noon  7  RM.5A.M:on  average  day  in  September  1905 


;:;    looi  ^  ^   *S 


the  total  sales  represent  an  average  month  of  30  days. 
Other  points  in  these  curves  which  do  not  coincide  may  be 
attributed  to  the  same  cause. 

Using  the  data  for  1906  as  given  in  Table  II  as  a  basis,  it  will 
be  seen  that  it  would  have  been  necessary  to  manufacture 
approximately  5,000,000  kilowatt-hours  more  in  that  year  to 
sell  the  same  amount  of  current,  if  the  conditions  had  been 
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Fig.  5 

Curvw  of  Instantantovft  losses  in  the  Electrical  Equipment  of  the  Si|5tem 
K.W.     at  12  Noon  5  P.  M.  3  A.M  onda^  of  System  maximum  -  December  1905 
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the  same  as  existed  in  1903.  Further,  if  the  average  of  the  last 
six  months  of  1906  had  been  maintained  throughout  the  year, 
a  further  saving  of  5,000,000  kilowatt-hours  would  have  been 
made  during  the  year.  While  the  resulting  eccmomies  have  in 
themselves  justified  the  time  and  outlay  necessary  to  make  the 
changes,  the  increased  capacity  of  the  system,  as  well  as  the 
simplifying  of  the  operating  conditions,  have  been  restilts  far 
outweighing  all  other  considerations. 

In  Figs.  4  and  5  are  shown  curves  representing  the  maximum 
generated  kilowatts,  also  the  instantaneous  losses  which  occur 
in  the  system  at  different  hours  on  the  average  and  maxinuun 
days  of  the  year.  These  data,  while  of  no  particular  value,  may 
be  of  interest  in  comparison  with  the  continuous  duty  losses 
shown  in  some  of  the  succeeding  tables. 

As  it  is  the  practice  of  this  company  to  use  motor-generators 
in  preference  to  synchronous  converters,  to  transform  the  three- 
phase  current  to  direct  current  for  the  supply  of  service  to  the 
115-230  volt,  three-wire,  direct-current  system,  it  may  be  sug- 
gested that  a  further  economy  could  have  been  effected  by  the 
use  of  converters. 

The  motor-generator  equipment  of  the  company  comprises 
36  imits  having  a  total  capacity  of  10,210  k\^^,  and  varying  in 
size  from  the  1,000-kw.  direct-connected  sets,  to  the  60-kw. 
Edison  bipolar  belted  imits  which  have  been  retained  in  service 
in  some  of  the  smaller  stations.  In  Table  3  are  shown  the 
actual  results  of  the  operation  of  this  apparatus  for  the  year  1906. 
There  is  also  shown  the  estimated  results  of  the  use  of  converters 
of  the  same  sizes,  operated  in  the  same  manner  as  the  motor- 
generators,  and  at  an  assumed  efficiency  calculated  from  the 
manufacturer's  data  on   such    sizes  of  apparatus. 

TABLE  III. 


Kilowatt-hours 
received. 

Kilowatt -hours 
delivered. 

Per  cent 
efficiency. 

230- volt  motor-generator 

31,331.406 
30.004.639 

25.803,990 
25.803.990 

82  4  actual 

230- volt  converters 

86.    assumed 

Kilowatt-hours  saved  by  use  of  con- 
verters   

1.326.767 

The  operating  efficiency  of  the  converters  is  estimated  at 
87%,  less  1%  for  the  current  used  by  the  cooling  apparatus,  while 
the  efficiency  of  the  motor-generators  was   82.4%.     The  table 
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shows  a  saving  of  1,326,767  kilowatt-hours  by  the  use  of  conver- 
ters, this  representing  the  premium  paid  for  the  use  of  the  more 
reliable  apparatus,  in  addition  to  which  there  is  to  be  added 
the  slightly  larger  investment  necessary  in  the  purchase  of  motor- 
generators.  Owing  to  the  well-known  difficulties  incident  to 
the  operation  of  60-cycle  converters  in  a  large  system  where 
continuous  service  is  placed  above  all  other  considerations,  it 
is  a  question  of  individual  opinion  whether  a  company  is  justi- 
fied in  adopting  either  type  of  apparatus. 

TABLE  IV 
Comparative  data  of  alternating-current  and  direct-current  systems 


Alternating 
current 


Direct 
current 


Area  of  system  per  cent,  of  total 

Connected  load  per  cent  of  total 

Commercial  service,  street  lighting  service  omitted 

Total  losses  from  generating  stations  to  customers'  meters 

Efficiency  of  system 

Total  losses  from  sub-stations  to  customers'  meters  in  per- 
centage of  current  delivered  from  sub-2;tation 

Bfficiency  of  distributing  system 

Street  lighting  system 

Total  losses  from  generating  stations  to  street  lamps 

Efficiency  of  system 

General  data 

Connected  load  in  kilowatts 

Capacity  of  transformers  installed  on  distributing  circuits 

Capacity  of  transformers  in  per  cent,  of  connected  load 

Approximate  kilowatt-hours  delivered  to  each  system  in  per 
cent,  of  total  generated 


99.1% 
21.    % 


0.9% 
79.    % 


20. 
80. 


% 
% 


7.6% 
92.6% 


31.9% 
68.1% 


62700 


70^ 


Table  4  presents  some  data  illustrating  the  comparative 
losses  in  the  altema  cing-current  and  direct-current  systems  as 
operated.  In  the  alternating-current  system  the  total  losses, 
including  transmission,  step-down  transformer,  distributing 
circuit  losses,  and  meter  losses,  aggregate  41.1%,  equivalent  to 
an  efficiency  of  58.9.  Eliminating  the  losses  in  transmission 
lines,  step-down  transformers,  regulators,  boosters,  etc.,  the 
total  losses  in  the  distributing  circuits,  meters,  etc.,  aggregate 
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24.2%  with  a  resulting  efficiency  of  75.8%  from  the  sub-station 
to  the  customers'  meters. 

In  the  direct-current  system  the  total  losses,  including  those 
in  transmission  lines,  motor-generators,  tie-lines,  feeders  and 
mains,  meters,  etc.,  aggregate  20%,  equivalent  to  a  system 
efficiency  of  80%.  Eliminating  all  losses  in  the  direct-current 
system,  except  those  which  occur  between  the  direct-current 
switchboard  in  the  sub-stations  and  the  customers'  meters,  a 
total  loss  of  7.54%  is  shown,  or  an  efficiency  of  92.46%. 

Two  forms  of  street-lighting  service  are  in  use,  each  in volving 
the  operation  of  different  types  of  apparatus.     In  one  case 


TABLE  V. 
Distribution  op  Currbnt  for  thb  Ybar  Ending  Junb  30   1906 


Kilowatt, 
hours. 

Loss  in  per 
cent,  of  total 
generated  kilo- 
watt-hours 

Per  cent. 

of  generated 

Kilowatt.hours 

transmitted 

Coinnierci&l  s&lcs 

52,003.000 

2.774.383 

19.270.616 

441.437 

69.82 
3.72 

25.87 
0.69 

Company  use 

Total  losses 

Unaccounted  for  current     

Total  generated 

74,489.436 

100. 

Sub-division  of  Total  Losses 

Losses  in  station  aooaratus 

10.586.117 
2,920,653 
5,763,846 

14.21 
3.92 
7.74 

16  6 

Losses  in  inter-station  transmission  lines.  .  . . 
I»osses  in  feeders  and  main^.       

5.92 
10  50 

ToUl  losses  station  apparatus  and  lines 

19.270,616 

25.87 

motor-generators  are  used  to  convert  alternating  current  to 
6.6-ampere  series  direct  current,  and  in  the  other  case  constant- 
current-transformers  are  used  to  obtain  the  6.6-ampere  series 
alternating  current  for  similar  service. 

The  total  losses  in  the  6.6-ampere  direct-current  system  are 
shown  to  be  31.9%,  giving  an  efficiency  of  68.1%.  For  similar 
service  from  the  alternating-current  system,  the  total  losses  are 
15.2%  with  a  resulting  operating  efficiency  of  84.8%. 

The  methods  employed  in  preparing  the  data  by  means  of 
which  the  losses  in  the  system  are  determined  may  be  under- 
Stood  by  reference  to  Tables  5,  6,  7,  8,  and  9.     These  tables 
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present  a  summary  of  the  year's  operation.  Similar  tables  are 
prepared  monthly  which  deal  with  the  shorter  period  of  time. 

It  should  be  imderstood  that  with  the  exception  of  such  items 
in  these  tables  as  are  preceded  by  an  asterisk,  all  the  data 
shown  are  the  results  of  records  taken  from  recording  wattmeters. 
In  such  items  as  are  excepted,  computations  were  necessary, 
all  of  which  were  made  from  reliable  data  furnished  by  the 
manufacturer  of  the  apparatus  in  question,  supplemented  in 
many  cases  by  tests  made  by  the  company's  representatives. 

The  losses  in  the  individual  commercial  distributing  circuits 
were  determined  by  the  drop-of -potential  method,  a  constant 
being  obtained  for  each  circuit  by  taking  a  large  nimiber  of 


TABLE  VI 
Losses  in  station  apparatus  for  the  year  ending  June  30.  1906 


Kilowatt- 
hours 


Loss  in  per 
cent,  of  total 


generated 


Loss  in  per 
cent,  of  input 


230- volt  motor-generators 

500- volt  motor.generators 

Series  arc  motor-generators. . .  . 

Step-down  transformers 

K?onstant-current  transformers 

•Potential  regulators 

Batteries 

Boosters 

Balancers 

Water  rheostats  for  testing 

Total 


5.527.416 

373.059 

2.403.471 

1.010.848 

118.548 

65.353 

807.067 

211.264 

67.725 

1.366 


10.586,117 


7.42 
0.50 
3.22 
1.36 
0.16 
0.09 
1.00 
0.28 
0.09 


14.21 


17.6 
33.6 
25.5 
3.23 
5.40 
3.53 
43.2 
63.0 


pressure  tests  tmder  all  conditions  of  load.  The  losses  in  the 
direct-current  mains  were  estimated  in  the  same  manner.  The 
losses  in  the  street-lighting  circuits  were  calculated  from  the 
known  length  of  the  circuits,  and  these  results  further  checked 
by  voltage  readings  at  the  station  while  the  circuits  were  in 
operation  with  a  known  number  of  lamps  burning. 

Every  year  the  company  makes  thousands  of  tests  of  the  meters 
in  use  on  the  customers*  premises.  For  the  year  1906  the  re- 
sults of  all  such  tests  showed  that  the  average  meter  error  was 
2.6%  slow.  This  factor  has  been  used  to  accotmt  in  part  for 
some  of  the  imknown  losses,  the  total  thus  accoimted  for  being 
approximately  1.5%  of  the  total  power  generated. 

Table  5  shows,  in  the  first  part,  a  summary  of  the  principal 
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TABLE  VII 

LoSSia  IN  iNTtR-BTATXON  TSAKSMISSION  LlNBS  FOR  THB   YbaR  EnDtNO  JuNB  30,    1906 


Kilowatt- 
hours 

Loss  in  per 

cent,  of  total 

power 

generated 

Loss  in  per 
cent,  of  input 

Per  cent,  of 
toul  gener. 
ated  power 
transmitted 

Thxve-pbase  2.300.volt  lines 

Thxve-pliaae  4.600. volt  lines 

Thxve-phase  6.600.  volt  lihes 

230<volt  dincUcQiTSnt  ticlines 

1.556.061 

06.813 

770.677 

404.282 

2.00 
0.132 
1.04 
0.66 

3.02 

8.41 

1.52 

3.55 

18.30 

5.02 

24.8 
8.7 

20.1 
3.6 

Xotal      

2.020.653 

TABLE  VIII 
Losses  in  Pbbdbrs  and  Mains  for  Ybax  Ending  Junb  30.  1006 


Kilowatt- 
hours 


Loss  in  per 
cent,  of  total 


generated 


Loss  in  per 
cent,  of  input 


*2,300-volt  commercial  lines. . . 
230- volt  direct-current  feeden. . 
*230-volt  direct.cuiTent  mains. , 
*500<volt  direct^current  feeders 

*Street.lighting  circuits 

•Meter  potential  losses 

Total 


1.854.854 

1.001.048 

641.343 

74.466 

800.103 

482.132 


5,763.846 


2.50 
2.55 
.86 
0.10 
1.08 
0.65 

7.74 


25.1 
4.03 
2.00 
0.15 
0.53 


10.5 


TABLE  IX 
DxvxsxoN  or  KxlowAtt-bouxs  sold  by  Districts  for  thb  Ybar  Ending  Junb  30.  1006 


Per  cent. 

kilowatt- 

SUtion 

hours 
received 

1-13 

68.0 

100. 

100. 

75. 

08.3 

63.5 

55.4 

20 

52.4 

28 

55.0 

25 

72.8 

60.8    ToUl  system  sales 
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items  without  subdivision.  The  latter  part  of  the  table  sub- 
divides the  total  losses  in  the  system  into  divisions  which  are 
treated  individually  in  the  later  tables. 

In  Table  6  the  losses  in  station  apparatus  are  subdivided  and 
distributed  among  the  various  pieces  of  apparatus  used  in 
the  operation  of  the  stations. 

Table  7  indicates  the  losses  in  the  inter-station  transmission 
lines. 

Table  8  shows  similar  data  on  feeders  and  mains. 
'Table  9  shows  the  percentage  of  sales  in  each  sub-station 
district  as  compared  with  the  current  delivered  to  that  district 
for  distribution.  In  explanation  of  this  table,  it  should  be  noted 
that  stations  1  to  13  include  the  direct-current  district  and  a 
portion  of  the  alternating-current  district.  Stations  14, 15,  and 
17  represent  stations  to  which  current  is  sold  wholesale,  to  be  re- 
distributed by  the  local  companies  controlling  these  districts. 
Stations  16,  19,  20,  and  23  represent  sub-stations,  each  of  which 
distributes  service  to  one  or  more  cities  or  towns  in  the  suburban 
districts.  Stations  18  and  25  represent  small  generating  stations 
which  are  still  in  service  in  two  of  the  recently  acquired  suburban 
districts. 

In  making  comparisons  of  the  several  districts,  some  of  the 
individual  characteristics  of  each  district  should  be  understood. 
Station  16  supplies  a  district  where  large  amounts  of  power  are 
used,  also  a  large  amount  of  street-lighting  service.  Station  18 
supplies  a  district  similar  to  16,  except  that  the  amounts  of 
power  and  street  lighting  service  are  relatively  less. 

Stations  19,  20,  23,  and  25  supply  service  to  districts  covering 
large  areas  where  resident  lighting  and  a  moderate  amount  of 
street  lighting  are  the  only  uses  made  of  the  service. 

The  preparation  of  these  data  involves  the  labor  of  one  man 
for  a  period  of  approximately  one  week  each  month.  It  is  his 
duty  to  watch  the  operation  of  the  system  through  the  'statistics 
furnished  him  by  the  operating  and  sales  departments,  com- 
paring them  with  data  which  have  been  prepared  representing 
the  possible  maximum  conditions  of  efficiency  of  operation  of 
every  piece  of  apparatus  and  reporting  for  investigation  any 
divergence  from  the  estimated  average  operating  losses.  The 
curves,  which  are  prepared  monthly,  show  the  percentage  of 
losses  in  the  current  handled  by  each  motor-generator,  storage- 
battery,  balancer,  booster,  exciter,  step-down  transformer, 
constant-current  transformers,  or  any  other  station  apparatus, 
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thereby  providing  means  for  immediately  detecting  any'tmusual 
results,  and  furnishing  an  invaluable  check  on  the  operation. 

Aside  from  the  value  which  these  data  may  have  from  an 
operating  point  of  view,  it  is  of  considerable  interest  in  indicating 
the  characteristics  of  each  district  as  a  revenue  producer,  thus 
making  it  possible  to  judge  accurately  of  the  advisability  of 
making  extensions  for  the  different  classes  of  sen-ice. 

If  there  should  be  tmdertaken  at  this  time  the  construction 
of  a  generating  and  distributing  system  similar  to  the  one  under 
consideration,  the  installation  would  be  made  under  conditions 
which  would  eliminate  the  disadvantages  encountered  in  recon- 
structing existing  equipments,  as  in  the  present  case.  This 
would  be  particularly  true  in  certain  parts  of  the  country,  where 
the  limitations  placed  by  the  local  authorities  on  permissible 
operating  conditions  are  less  severe,  and  where  the  quality  and 
the  continuity  of  the  service  are  not  of  such  paramount  im- 
portance,— all  such  conditions  tending  to  greater  economy  and 
reduction  of  operating  losses  than  is  possible  in  the  present  sys- 
tem. 


A  ^/*r  ^a^nted  at  tkt  aiQiJk  Meeting  0/  ike 
Anuricetn  Institute  0/  Ei^trical  Engineers^ 
New   York  May  2ty  KfCTf, 
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SOME  FACTS  AND  PROBLEMS  BEARING  ON  ELECTRIC 
TRUNK-LINE  OPERATION. 


BY    FRANK   J.    SPRAGUE. 


Certain  memorable  opinions,  recently  uttered  by  railroad  men 
whose  creative  and  administrative  work,  and  wide  experience 
entitle  them  to  preeminence,  command  attention:  In  March 
last,  the  New  York  Times  contained  an  interview  with  Mr. 
E.  H.  Harriman,  who  discussed  at  length  various  features  of 
the  present  steam  railroad  situation;  the  influence  of  national 
and  state  legislation;  the  developments,  needs,  and  present 
difficulties  of  operation;  and  the  vital  necessity  of  increase  of 
capacity,  measured  in  its  broadest  terms.  Expressing  his  in- 
dividual opinion  that  perhaps  it  might  be  better,  considered 
from  the  standpoint  of  the  steam  locomotive,  if  a  wider  gauge 
than  the  present  standard  had  originally  been  adopted,  he  went 
on  to  say: 

But  perhaps  it  is  chimerical  to  think  now  of  rebuilding  the  railroads  cf 
the  entire  country,  and  of  replacing  the  entire  railroad  equipment.  If  so, 
what  is  the  best  thing?  Obviously,  electricity.  And  I  believe  that  the 
railroads  will  have  to  come  to  that,  not  only  to  get  a  larger  unit  of  motor 
power  and  of  distributing  it  over  the  train  load,  but  on  account  of  fuel. 
That  brings  up  another  phase  of  the  existing  conditions.  We  have  to 
use  up  fuel  to  carry  our  fuel,  and  there  are  certain  limitations  here  just 
as  much  as  there  are  in  car  capacity  or  motive  power,  particularly  when 
you  consider  the  distribution  of  the  coal  producing  regions  with  respect 
to  the  major  avenues  of  traffic.  The  great  saving  resulting  from  the  use 
of  electricity  is  apparent,  quite  aside  from  the  matter  of  increasing  the 
tractive  power  and  the  train  load.  *  *  *  *  *  i^  if, 
-The  only  relief  which  can  be  obtained  through  economies  of  physical 
operation  must  come  through  the  outlay  of  enormous  amounts  of  money 
such  as  would  be  involved  in  a  general  electrification  or  a  change  in  gauge. 

At  the  April  meeting  of  the  Buffalo  Chamber  of  Commerce, 
Mr.  W.  C.  Brown,  senior  vice-president  of  the   New  York  Cen- 
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tral  Lines,  likewise  comprehensively  discussed  the  present 
railway  situation,  and  the  influence  of  legislation  and  manage- 
ment upon  credit,  pointing  out  the  **  appalling  blow  to  that 
credit,'*  not  so  much  because  **  of  what  has  been  done,  as  the 
manner  and  temper  with  which  it  has  been  done,  and  the  fear 
of  what  may  follow.*'  The  pressure  upon  the  railroads,  the 
imperative  and  continuing  need  of  development  and  improve- 
ments, and  the  limitations  in  available  capital — all  were  specially 
emphasized  by  this  statement : 

If  the  development  and  expansion  of  the  nation  is  to  go  on,  if  the 
progress  made  during  the  last  ten  years  may  be  accepted  as  in  any  respect 


Fig.  1 — Section  of  present  steam  terminal,  New  York  Central. 

a  measure  of  progress  to  be  made  during  the  coming  decade,  almost  as 
much  money  will  have  to  be  expended  in  increasing  the  facilities  of 
existing  railroads,  and  in  building  additional  railroads,  as  has  been 
expended  during  the  eighty  years  since  the  beginning  of  the  construction 
of  railroads  in  the  United  States.  , 

These  opinions  are  confirmatory  of  that  of  Mr.  James  J.  Hill, 
who  some  time  ago  startled  the  investing  world  by  his  estimate 
of  a  billion  dollar  annual  expenditure,  now  actually  confirmed 
by  detailed  estimates. 

Coming  from  such  high  sources,  from  men  who  are  fitted  by 
nature  and  experience  to  survey  the  whole  field  with  special 
clarity   of   vision,   and   to   summarize   their   conclusions   with 
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extraordinary  judgment  these  utterances  are  pregnant  with 
meaning;  for  coupled  with  the  remainder  of  their  remarks, 
they  tell  us  that  if  there  is  the  proper  codperation  between  the 
national  and  state  governments  and  the  railroad  corporations, 
a  permanently  established  confidence  between  the  public  and 
those  who  serve  it,  based  upon  integrity  of  management  and 
equity  of  treatment,  and  a  reasonably  surety  of  a  fair  return  on 
money  invested — ^all  absolutely  necessary  to  conmiand  the 
confidence  of  capital — ^then,  in  spite  of  temporary  setbacks  or 
trade  reactions,  this  country  has  entered  on  an  era  of  unequalled 
expansion,  and  when  planning  for  future  developments  the 
steam  railroads  must  keep  in  view  the  possibility  of  a  change 
in  motive  power,  and  the  adoption  to  an  increasing  extent  of 
the  use  of  electricity  is  some  form. 

But  it  is  especially  to  be  noted  that  while  fuel  economy,  not 
only  in  the  matter  of  power  generation,  but  also  as  affected  by 
its  own  transportation  (often  a  most  serious  matter),  must  be 
kept  in  view,  the  keynote  of  the  prophecies  of  the  future  is 
more  specifically  soimded  in  the  word  capacity.  It  is  this  fact 
which  must  be  always  borne  in  mind. 

Increase  of  capacity,  not  only  such  as  is  possible  and  in- 
dividual to  electric  application,  but  also  such  as  is  common  to 
the  larger  developments  of  railroads,  however  operated,  means 
of  course  economy  in  its  highest  sense,  that  is,  saving  in  passenger 
and  ton-mile  operation,  assuming  that  traffic  increases  at  least 
in  proportion  to  capital  account,  because  of  increased 
loads,  reduced  train  crews,  higher  operating  schedules, 
better  distributed  service,  less  dead  time  on  sidings,  less  in- 
terruptions to  schedule  and  greater  freedom  from  accidents. 

I  believe  that  this  question  of  capacity  will  be  a  far 
greater  controlling  factor  in  the  electrification  of  tnmk-lines 
than  that  of  economy  as  narrowly  measured  by  the  cost  of  elec- 
trical horse  power.  I  do  not  know  of  a  single  instance  in  which 
electricity  has  been  adopted  in  which  this  feature  has  not  been 
paramount,  nor  do  I  know  of  a  road  operated  to-day  which 
would  sacrifice  capacity  to  economy. 

How  much  has  been  actually  spent  in  steam  railroad  de- 
velopment, to  which  I  assume  Mr.  Brown's  reference- is  confined, 
it  is  impossible  to  tell,  but  that  it  is  a  stupendous  amotmt, 
giving  some  suggestion  of  future  capital  demands,  is  evidenced 
by  the  fact  that  the  total  of  the  outstanding  stock,  bonds,  and 
other  obligations  of  the  steam  railroads  in  the  United  States  now 
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aggregates  about  $13,800,000,000;  while  similar  obligations  of 
the  electric  railroads,  which  began  their  commercial  expan- 
sion with  the  signing  of  the  Richmond  contract  almost  twenty 
years  ago  to-day,  exceed  $3,500,000,000. 

These  are  indeed  stupendous  totals,  and  when  confronted  with 
the  possibilities  of  the  future  we  may  well  be  hopeful,  while  we 
ask:  Along  what  lines  will  this  great  development  naturally 
proceed  ?  What  improvements  must  necessarily  take  precedence  ? 
How  shall  the  continuing  expenditure  of  capital  be  conducted  so 
as  to  safeguard  a  dividend  on  it? 

We  electrical  engineers  are  ambitious,  fairly  courageous,  and 
given  to  prophecy.  We  have  much  warrant  for  it,  and  every 
reason  to  be  proud  of  what  has  been  accomplished  in  an  im- 
matched  industrial  progress;  but  we  are  a  little  apt  to  be 
prejudiced  in  favor  of  our  own  work,  and  perhaps  somewhat 
partisan  in  promoting  it.  I  think  we  often  lack  in  large  measure 
the  familiar  knowledge  of  railrpad  finance  and  operation  that  is 
necessary  in  dealing  with  the  larger  railroad  problems,  in  order 
to  insure  our  fairly  weighing  the  importance  and  value  of  all  the 
elements  which  must  be  considered. 

Such,  at  least,  is  apparently  the  opinion  of  the  friendly,  but 
yet  mildly  sarcastic  and  somewhat  pessimistic  editor  of  the 
Railroad  Gazette,  who,  referring  to  the  recent  meeting  of  the 
Institute  of  Electrical  Engineers  on  the  occasion  of  the  presenta- 
tion by  Messrs.  Stillwell  and  Putnam  of  their  paper  on  the 
substitution  of  the  electric  motor  for  the  steam  locomotive, 
remarks: 

The  pity  about  the  meeting  referred  to  is  that  there  was  no  speaker 
there  who  knew  as  much  about  the  practical  requirements  of  railroading 
as  he  and  the  others  did  about  the  advantages  ^nd  economies  of  electric 
propulsion. 

This  is  quite  likely  true,  for  most  people  know  a  little  more 
about  their  specialty  than  about  the  details  of  every  business  col- 
laterally connected  with  it.  But,  really,  the  electrical  engineers 
of  the  country,  many  of  them  professional  civil  and  mechanical 
engineers  as  well,  are  not  entirely  destitute  of  a  knowledge  of 
both  steam  and  electric  operating  conditions,  nor  can  they  all 
fairly  be  classed  as  a  lot  of  unthinking  enthusiasts ;  their 
knowledge  and  experience  amoimt  in  the  aggregate  to  a  very 
respectable  total. 

But-  we  must  not  take  our  genial  critic  too  seriously,  nor  be 
pver-much  discouraged  by  his  limitations  of  vision,  for  his  is* 
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not  the  only  publication  that  has  trailed  after  accomplished 
facts  in  the  electrical  world,  nor  his  the  only  voice  that  has  been 
raised  in  doubtful  protest  on  the  eve  of  great  developments. 
Heed,  however,  must  be  taken  of  the  fact  that  trunk-line 
operation  is  in  many  respects  a  very  different  thing  from  that  of 
urban  or  interurban  railways,  and  the  attempt  to  intro- 
duce electricity  into  steam  railroad  operation  must  observe 
in  the  fullest  measure  these  differences.  We  can,  therefore, 
take  the  criticisms  made  of  us  in  good  nature,  and  I  think  win 
the  propei  support  of  steam  railroad  men,  and  come  nearer  to 


Fig.  2 — First  New  York  Central  electric  train,  September  30.  1906.  Leav* 
ing  High  Bridge  for  Grand  Central  Station. 


the  successful  introduction  of  electricity  where  justified,  by 
setting  forth  with  entire  frankness  the  facts  as  they  have  been, 
are,  and  promise  to  be,  and  avoiding  too  strenuous  and  arbitrary 
prophecies  of  what  must  be.  You  will  note  that  I  do  not  ex- 
cept myself  from  this  generalization,  and  therefore  I  trust  my 
engineer  confreres  will  not  deem  me  lacking  in  impartiality 
in  formulating  this  gentle  criticism. 

Many  of  my  hearers  are  young  in  years,  and  some  of  them  just 
starting  in  railroad  experience.  Many  statements  made  to-day 
may  therefore  have  an  air  of  novelty,  but  there  are  certain 
fundamental    truths    referring    to    the    eleetrie    equipment    of 
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steam-operated  trunk  lines  which  have  always,  since  the  be- 
ginning of  this  development,  been  broadly  true.  I  have  stated 
them  time  and  again  during  the  last  twenty  years,  and  in  a 
score  of  publications.  I  cannot  state  them  any  more  fully 
now,  but  inasmuch  as  they  are  expressive  of  my  present  as  well 
as  past  beliefs,  and  having  been  made  at  various  times  may  now 
in  part  be  lost  sight  of,  I  take  the  liberty  of  referring  to  them 
in  an  appendix  to  this  paper,  and  I  will  briefly  summarize  a  few 
extracts. 

Fifteen  years  ago,  in  Chicago,  I  had  the  honor,  as  president  of 
this  Institute,  to  make  my  inaugural  address  on  the  subject: 
**  Coming  Developments  of  Electric  Railways."  On  that  occa- 
tion,  I  may  remark  in  passing,  I  expressed  my  fervent  hope  for 
a  "  single  circuit  alternating  current  motor,"  my  conviction  of 
the  necessity  of  the  use  of  an  '*  overhead  conductor,  practically 
rigid  in  character,  following  very  nearly  the  center  line  of  all 
tracks  and  switches,  with  no  movable  overhead  parts,  and 
with  return  through  the  rail,"  and  especially  my  belief  in  higher 
potentials  and  gearless  motors. 

My  attitude  on  the  broad  question  of  trunk-line  operation  was 
then  the  same  as  it  has  consistently  been  since,  for  it  has  not  been 
altered  by  more  intimate  contact  with  the  trunk-line  develop- 
ment. It  may  be  briefly  summarized  in  the  simple  statement 
that,  taken  as  a  whole  the  electrical  equipment  and  operation  of 
trunk  lines  is  essentially  more  of  a  financijil  than  a  technical 
problem.  It  is  certainly  not  solvable  by  ingenious  methods  of 
bookkeeping,  or  transmission  of  burdens  to  posterity.  In  that 
address  I  said 

Any  predictions  which  are  made  concerning  the  future  of  electric 
propulsion,  either  in  ignorance  or  disregard  of  the  possibilities  of  steam 
duty,  and  the  limitations  necessarily  existing  in  all  systems  of  transporta- 
tion, deserve  and  will  receive  little  consideration  from  those  charged  with 
the  responsibilities  of  conducting  our  great  railway  system,  for  unless 
passengers  and  goods  can  be  moved  over  a  system  with  increased  benefit 
to  a  community,  or  at  a  reduced  cost,  or  with  a  commensurate  return  on 
capital  invested,  an  electric  will  not  replace  a  steam  system. 

The  commercial  success  of  electric  operation  is  a  question  of 
relative  and  absolute  density  of  train  mbvement. 

It  narrows  itself  down  to  the  one  question  as  to  the  number  of  traino 
operated  between  the  two  terminal  points.  Make  that  number  of  trains 
sufficiently  large,  and  the  electric  motor  is  the  best  means  of  electric 
propulsion      Decrease  this  number,  and  steam  is  to  be  preferred. 

In  closing  that  address,  after  pointing  out  the  difficulties 
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Surrounding  trunk-line  operation,  and  the  electric  developments 
which  it  seemed  to  me  would  take  place,  I  added: 

Temper  your  enthusiasm  with  prudence;  limit  your  attempts  to  the 
solution  of  those  problems  which  will  prove  of  practical  benefit.  Do 
not  chase  rainbows,  but  seek  lessened  costs  of  operation  for  equivalent 
duty  and  increased  return  on  invested  capital. 

All  this  is  said  in  no  spirit  of  discouragement,  for  I  yield  to  no  man  in 
my  confidence  in  the  future  of  electric  traction.  No  new  field  is  so  rich, 
none  more  pregnant  with  great  possibilities. 

Where  do  we  find  ourselves  to-day?  Has  there  been  aay 
essential  change  in  the  essential  governing  facts? 

Two  years  ago,  we  celebrated,  and  very  rightly,  the  "  Triumph 
of  Electric  Traction,*' — ^not  the  wholesale  replacement  of  steam 
by  electric  operation,  that  would  have  been  somewhat   prema- 


Fig.  3— Early  Sprague,  Duncan,  and  Hutchmson — 1000  h.  p.  electric 

locomotive. 

ture — ^but  the  magnificent  results  which  had  been  achieved. 
A  new  industry  had  been  created,  affording  investment  for 
thousands  of  millions  of  capital,  and  employment  for  hundreds 
of  thousands  of  men.  Time,  distance,  and  moimtain  elevations 
had  been  abbreviated,  great  vistas  opened  up,  barren  spaces 
peopled,  new  homes  created,  towns  linked  to  each  other  and  to 
their  neighboring  cities,  and  animal  drudgery  relieved.  Direct- 
current,  single-phase,  and  polyphase  equipments  were  in  opera- 
tion ;  and  a  new  system  of  power  aggregation  and  control,  the  mul- 
tiple unit, ♦had  solved  elevated  and  underground  problems,  and 
made  possible  enormous  concentration  of  capacity.  The  powei 
ind  speed  of  the  heaviest  steam  locomotives  had  been  equalled 
or  surpassed,  and  some  of  our  great  trunk  lines  had  contracted 
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for  improvements  costing  over  a  hundred  millions  of  dollars, 
made  possible  only  because  of  the  availability  of  electricity. 
But  again  referring  to  the  broad  question  of  trunk  line  operation, 
I  felt  impelled,  even  in  that  hour  of  elation,  to  say: 

What,  then,  will  determine  the  future?  Solely  the  financial  factor,  as 
it  must  the  future  of  any  other  great  industrial  problem.  When  savings 
in  operation  and  the  increased  returns  from  traffic  on  any  road  will 
more  than  pay  a  fair  dividend  on  money  invested  for  electrical  equipment 
then,  and  then  only  will  trunk  lines,  great  or  small,  be  operated  elec- 
trically. As  I  have  often  stated,  the  problem  resolves  itself  into  a 
question  of  relative  density  and  the  character  of  load-factor,  and  these 
essentials  are  of  course  vitally  connected  with  the  allowed  working 
potential. 

Let  us  consider  for  a  moment  the  evolution  of  the  steam 
railroad.  As  a  rule,  it  has  started  with  a  single  track,  with  such 
contour  and  grades,  weight  of  rail,  and  character  of  ballast  as 
the  money  to  be  expended  and  the  prpbable  return  in  traffic 
have  seemed  to  warrant,  and  generally  handicapped  by  such 
extravagant  or  attempted  profits  in  construction  as  have  re- 
sulted in  a  long-continuing  burden.  Turn-outs  and  sidings  were 
gradually  supplemented  by  more  sidings  and  longer  turn-outs, 
and  then  such  short  sections  of  double  tracking  as  the  demands  of 
capacity,  traffic,  schedule,  and  commercial  conditions  have 
required  or  permitted.  Then  there  came  a  time,  on  many  a  road, 
of  receivership,  followed  by  reorganization  and  an  extended 
period  of  recuperation ;  or  if  not  receivership,  then  a  long  time 
of  nursing  into  a  condition  of  reasonable  commercial  health. 
As  the  demands  of  capacity  increased,  there  followed  the  intro- 
duction of,  or  improvement  in  signal  systems,  additions  to 
rolling  stock,  increases  in  the  number  and  capacity  of  loco- 
motives, until  the  road  found  itself  with  an  equipment  of  extraor- 
dinary variety  of  varying  conditions  of  efficiency ;  meanwhile, 
intermingled  with  a  part  of  its  own  were  all  kinds  of  freight 
equipment  from  roads  throughout  the  country.  Through  ser- 
vice for  freight,  express,  passenger  and  sleeping  cars,  and  ter- 
minal connections  with  other  roads  marked  the  transition  from  a 
road  of  more  or  less  local  to  -one  of  "through"  character. 
The  new  relationship  made  an  increasing  demand  on  capacity, 
and  double  tracking  became  essential  for  a  part,  or  perhaps  for 
the  whole  of  the  route;  and  with  this  new  demand  likewise 
the  necessity,  oftentimes  carried  out  beforehand,  of  some  re- 
location of  tracks,  changes  in  alic^ment,  reduction  in  grades, 
improvement  in  ballast,  abolition  of  the  more  serious  grade- 
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crossings,  especially  near  terminal  cities,  and  extensions  and 
improvements  in.  and  enlargement  of  terminals  and  freight  yards. 

Now  every  one  of  these  developments  has  been  dictated 
primarily  by  one  reqviirement — ^increase  of  capacity.  This  is  the 
keynote  of  all  railroad  development,  however  rated,  for  it  makes 
possible  an  increase  of  revenue  miles  of  freight  or  passenger 
traffic  which  can  be  carried  on  a  given  trackage  or  operative 
mileage  of  road,  and  results  in  a  net  comparative  economy  of 
cost  per  ton  of  freight  or  passenger  moved.  These  improvements 
are  all  vital,  no  matter  what  the  motive  power,  and  they  should 
ordinarily  and  naturally  precede  the  application  of  electric 
power,  for  it  is  absolutely  certain,  except  in  specific  instances, 
that  if  these  have  not  been  made  before  the  use  of  electricity 
is  considered,  they  must  be  taken  up  in  connection  with  its 
introduction. 

Here,  as  during  the  whole  period  of  growth,  the  financial 
question  is  always  present,  ever  dominant.  There  probably 
never  was  an  official  charged  with  the  maintenance  and  operation 
of  a  railroad  who  could  not  see  opportunities  for  judicious  ex- 
penditure of  capital,  and  whose  requirements  have  not  generally 
been  greater  than  would  be  acceded  to  by  the  directors  and 
stockholders  of  his  road.  On  the  other  hand,  it  is  probably 
rarely  the  case  that  those  same  directors  and  stockholders  have 
not  wished  that  the  denoands  made  upon  them  for  capital  were 
less  than  the  actual  demands,  even  where  granted.  The  practi- 
cal question,  then,  which  confronts  every  railroad  is  how  best 
can  such  capital  as  can  be  raised  on  reasonable  conditions — 
which  conditions  are  always  variable,  and  sometimes  appall- 
ingly oppressive — be  expended  to  meet  the  actual  requirements 
of  the  road  and  to  get  the  largest  net  return.  . 

The  enormous  cost  of  railroad  developments  has  necessarily 
in  a  large  measure  been  first  met  out  of  the  profits  of  operation, 
because  of  the  difficulty  of  raising  additional  money  on  accotmt 
of  early  extravagances  in  capitalization,  expenditure,  and  man- 
agement. Much  of  this  cost  often  never  appears  in  capital 
account,  but  in  the  end  additions  thereto  must  naturally  and 
very  properly  be  made  to  replace  in  some  degree  the  amoimts 
diverted  from  reyenue. 

In  spite  of  many  gross  examples  of  railroad  dishonesty,  and 
many  unfounded  charges  affecting  railroad  officials,  it  is  but 
proper  to  repeat  a  statement  made  privately  a  short  time  ago 
by  one  of  the  best  known  of  the  higher  railroad  officials  in  this 
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in  ff/jr\)'l*:T*A  St.'if.iaim  covering  the  operation  of  all  the 
ro^vlii  in  t;.^:  rour/^ry  rr.ay  demoTiStrate  to  the  mind  of  the 
rn;i'f/'rr,;.MM;in  that  if  all  the  pov/er  used  were  supplied  electri- 
'all/  fror/j  ^^rr.t.ral  t.»atior,H  instead  of  by  steam  locomotives. 
tfi'T'T  v/osM  hi:  an  rrrjorrr.ous  saving  in  cost  of  f^jwer,  and  there- 
fr;rr!  r-)// f.rJMty  fJjo  .M  h':  a'!optr;'l,no  matter  what  the  other 
drrn.'in'l'.  for  r  aj^itah  or  v/hat  the  net  result  of  an  equal  expendi- 
ture in  ofhr-r  ^hrr-aions  mirht  arromplish.  Such  a  comparison 
wotiM,  if  anyt.hii»j%  seem  to  mean  that  on  those  roads  where 
irtiUir  'v\  (()j]yf"Af'i\,  and  where  the  demand  of  power  per  mile 
ut  r(>i\(\  ii,  n<;t  only  h-ir^e  in  the  iv/yu^y/dtc  but  on  the  average, 
con^^i'leiationH   of    [)Ower   economy    should   be   much   more  in* 
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fluential;  but  they  distinctly  do  not  afford  the  slightest 
reason  for  assuming  that  the  possible  saving  in  power  is  of 
sufficient  importance  to  lead  to  gen  :ral  consideration  of  electric 
operation  on  extended  lines  with  sparse  traffic,  no  matter  what 
systems  may  be  developed. 

This  criticism,  if  it  may  be  so  called,  was  objected  to  on  the 
score  that  railroads  of  this  latter  class,  while  not  properly 
present  subjects  for  electrification,  v/ore  changing  their  character, 
and  that  in  time  the  density  of  trr.:  Ic  would  be  sufficient  to 
warrant  such  adoption.  This  is  precisely  the  point  of  my 
criticism.  There  are  roads  which  can  now  properly  consider  the 
adoption  of  electricity.  There  are  others  which  by  no  stretch 
of  imagination  can  seriously  consider  it  for  many  years  to  come, 
and  the  only  time  when  they  can  do  :o  will  be  when,  by  growth 
of  traffic,  development  in  the  character  of  their  equipment, 
and  augumentation  in  financial  strength  they  shall  have  arrived 
in  the  first  rank  of  railroads.  Why  then  dilute  whatever 
advantages  there  arc  in  the  matter  of  economy — all  of  which  are 
needed  on  even  the  best  r:dlroads — ^by  consideration  of  such  as 
aj-e  plainly  out  of  present  reach  of  electric  equipment  ? 
\.In  discussing  the  subject  of  electrification  of  trunk  lines,  there 
is/a  tendency  sometimes  to  ignore  the  varying  conditions  on  the 
roads,  and  also  the  changes  in  methods  of  operation  which  the 
introduction  of  electricity  may  make  possible.  The  railroads 
seem  to  be  often  regarded  as  systems  which  must  be  conducted 
very  much  on  present  lines,  that  is,  operated  with  locomotive- 
drawn  trains.  In  order  to  come  to  any  clear  decision,  on  many 
roads  at  least,  this  conception  must  be  changed.  There  is  no 
hard  and  fast  rale  of  classification.  A  trunk  line  may  generally 
be  considered  as  a  system  joining  important  terminal  cities,  over 
which  is  conducted  all  kinds  of  traffic,  through  and  local,  pas- 
senger, express  and  freight,  and,  in  the  larger  systems,  a  heavy 
suburban  passenger  service.  The  divisions  and  character  of 
service  of  course  vary  widely,  but  the  constant  tendency  is 
towards  an  increasing  density  of  traffic,  multiplication  of 
tracks,  and  extension  of  the  limits  of  local  and  suburban  services. 

When  taking  up  the  question  of  the  adoption  of  electricity, 
railway  officials  are  met  at  the  outset  by  an  unfortunate  and 
confusing  condition  of  affairs,  largely  due  to  manufacturing 
rivalries,  individual  partisanship,  professional  dicta,  and 
gratuitous  advice.  These  are  in  no  small  measure  responsible 
for  an   apparent  division   of  the  engineering  world  into  two 
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camps,  alternating  and  direct  current,  as  in  the  earlier  days  of 
electric  lighting,  a  division  which  it  seems  to  me  is  entirely 
unnecessary  and  misleading. 

At  a  recent  meeting  of  the  New  York  Railroad  Club,  the 
argument  was  advanced  by  one  speaker  that  the  general  question 
of  the  adoption  of  electricity  should  be  determined  by  a  railroad 
quite  independently  of  any  details,  and  that  systems,  equipment, 
and  methods  of  operation  could  then  be  safely  determined. 
With  this  view  I  wish  to  dissent.  A  change  of  motive  power 
involving  vast  expenditures  of  money  and  radical  changes  in 
methods  of  operation,  cannot  safely  be  determined  upon  except 


Fig.  5 — Group  of  eighteen  2200  h.  p.  electric  locomotives. 


after  presentation  of  a  comprehensive  report,  and  a  genera, 
plan  of  equipment  and  operation  based  upon  an  investigation  ot 
previous  practice,  present  or  pending  developments,  and  an 
analysis  of  important  features  and  details.  And  this  seems  all 
the  more  essential,  for  at  the  present  time  the  technical  press  is 
filled,  and  the  public  ear  vociferously  afflicted,  with  the  rival 
claims  of  the  advocates  of  direct-  and  alternating-current 
systems;  the  merits  and  defects  of  single-phase,  polyphase, 
and  direct  current  motors;  and  the  beauties  and  ugliness,  the 
danger  and  safety  of  various  types  of  overhead  and  third-rail 
constructions.  High  and  low  potentials,  15-  and  25-cycle 
frequencies,   gearless  and  geared  motors,   and  air  and  electric 
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controls — all  are  actively  exploited.  Detail  costs  and  economies, 
new  methods  of  finance  and  bookkeeping,  and  changes  in  rail- 
road operation  and  management  are  presented  to  the  bewildered 
railroad  man  with  enthusiastic  confidence. 

But  above  the  discordant  notes,  and  in  the  turmoil  of  varied 
developments  there  arises  now  and  then  the  cry  of  standardiza- 
tion, not  only  such  as  is  natural  and  not  prohibitive  of  new 
advances  in  the  art,  but  wholesale,  explicit,  and  exclusive. 
For  example,  in  a  recent  paper  before  this  Institute,  the  view 
was  expressed  that  but  a  single  plan — ^the  high-tension  overhead 
trolley,  with  15-cycle  single-phase  alternating-current  motors — 
was  possible  of  serious  consideration  on  trunk  line  service,  and 
that  this  system  should  now  be  adopted  and  standardized, 
despite  the  fact  that  there  was  not  in  existence  a  single  equip- 
ment of  this  character  in  practical  railway  operation! 

I  do  not  intend  to  burden  this  paper  with  statistics,  or  abstruse 
mathematics — one  can  prove  almost  anjrthing  by  them  — but 
just  here  I  will  epitomize  certain  conclusions  which  I  think  will 
bear  the  test  of  time. 

1.  Of  the  two  broad  lines  on  which*  electrification  can  be 
considered,  if  increased  economy,  that  is,  reduction  of  operative 
expenses  by  replacing  the  steam  locomotive  with  an  electric  one, 
with  concentration  of  prime  power  and  perhaps  the  use  of 
water  power,  be  deemed  the  dominant  reason  for  change  of 
motive  power,  then  every  wheel  in  an  electrified  division  should 
be  turned  electrically;  and  the  savings  affected  should  pay  not 
only  a  fair  rate  of  depreciation  of  the  total  equipment,  but  a 
satisfactory  rate  of  interest  on  the  new  capital  expended,  in 
fact  a  better  rate  than  if  spent  in  some  other  way. 

2.  Increase  of  capacity,  both  in  locomotive  haulage,  schedule 
speeds,  motor-car  trains  and  terminal  facilities,  of  a  character 
impossible  to  steam  service — all  resulting  in  augmented  traffic, 
and  increased  use  and  capacity  of  the  dead  part  of  the  systems, 
the  tracks  and  roadbed — ^will  ordinarily  be  the  more  potent 
influence  in  leading  to  the  adoption  of  electric  operation,  and 
will  often  warrant  heavy  capital  expenditures. 

3.  Every  large  road  is  a  problem  which  must  be  considered 
financially  and  technically  on  its  own  merits,  and  in  most 
features  other  than  those  which  without  effort  can  be  harmonized 
its  decision  will  be  of  little  practical  concern  to  other  roads. 

4.  The  adoption  of  electricity  will  ordinarily  begin  with 
those  divisions  where  traffic  is  comparatively  dense,  and  once 
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adopted  the  territory  over  which  it  can  be  extended  will  naturally 
increase. 

5.  Terminal  properties  in  great  cities/  undierground  and 
tunnel  sections,  and  heavy  mountain  sections  where  duplication  of 
tracks  because  of  extra  heavy  construction  cost  is  prohibitive 
offer  an  immediate  field  for  the  serious  consideration  of  electrifica- 
tion. 

6.  There  cannot  now  be  safely  established  any  final  standard, 
or  any  single  system  selected  as  the  best  for  all  roads.  What  is 
the  best  for  one  might  easily  be  less  advantageous  for  another, 
and  there  is  no  valid  reason  why  any  road  should  adopt  some- 
thing fitting  to  a  less  degree  its  particular  requirements  because 
of  the  action  of  some  foreign  road. 


Fig.  6 — Ganz  1500  h.p.  polyphase  electric  locomotive. 


7.  Extraordinary  advances  have  been,  and  are  being  made, 
and  new  discoveries  are  always  possible.  The  limits  of  none  of 
the  systems  now  in  use  are  clearly  defined,  and  it  would  seem 
both  natural  and  wise  that  the  various  manufacturing,  technical, 
and  inventive  activities  should  pursue  every  lead  to  its  logical 
conclusion,  for  the  best  will  be  none  too  good. 

It  is  not  my  intention  in  the  present  paper  to  investigate 
railroad  economies,  or  to  formulate  any  final  conclusions  in  the 
matter  of  steam  railway  electrification,  but  rather  briefly  to 
analyze,  and  make  running  comment  upon  various  phases  of  the 
problem  often  discussed  by  engineers;  to  give  some  comparative 
facts  as  they  have  thus  far  developed ;  to  describe  sundry  develop- 
ments in  electric  locomotive  construction ;   and   to  illustrate  in 
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some  detail  features  specifically  characteristic  of  the  three 
typical  initial  equipments  now  commanding  attention. 

Motor  equipments.  In  discussing  the  selection  of  any  system, 
the  first  thing  to  investigate  is  the  motor.  In  railway  operation 
that  which  is  to  be  replaced  is  a  steam  locomotive,  in  other  words, 
a  motor  supplied  by  a  local  boiler,  furnace,  and  coal -bin:  that 
which  is  proposed  in  its  place  is  another  motor,  or  group  of 
motors  supplied  through  a  wire  by  bigger  boilers,  furnaces, 
and  coal-bins,  or  by  energy  from  a  water  power.  The  working 
conductor,  with  everything  connected  to  it  in  transmission  or 
generation,  although  essential,  is  tributary  to  the  motor  and  its 
reqtdrements. 

It  is  not  sufficient  that  the  source  of  power  can  be 
made  of  any  desired  size,  although  it  is  an  essential  feature ; 
in  any  case  such  concentrated  generating  equipment  must 
supply  a  number  of  motors.  What  is  essential,  and  in  the 
last  analysis  vital,  is  that  the  new  motor  shall  have  not  only 
certain  mechanical  advantages,  to  the  extent  of  eliminating  the 
evils  of  reciprocating  parts  and  reducing  the  cost  of  up-keep.  but 
above  all  it  must  have  capacity,  measured  not  alone  by  drawbar 
pull  or  speed,  but  by  both,  and  it  must  be  of  sustained  character; 
and  this  capacity,  to  accomplish  more  than  the  steam  locomotive, 
must  be  greater  than  that  of  the  latter.  Such  capacity  should 
naturally  be  attained,  first,  by  increase  of  the  capacity  of  the  in- 
dividual motor  or  locomotive,  and  then,  when  this  increase  has 
reached  its  limit,  by  combining  motors  or  locomotives  under  a 
common  control  by  the  multiple-unit  system. 

Limitation  of  design.  The  designing  of  electric  railway 
apparatus  is  handicapped  by  certain  physical  limitations  which 
it  is  not  in  the  power  of  the  designer  to  change;  for  example, 
gauge  of  track,  size  and  number  of  drivers,  length  of  rigid  wheel- 
base,  dead  and  total  weights  per  wheel  and  axle,  clearance  of 
motors  above  the  track,  permissible  speeds  of  parts,  provision 
for  accessibility  and  repairs,  and  capacity  for  heat  radiation. 
Every  steam  locomotive.,  when  properly  designed,  has  capacity  to 
slip  its  drivers  on  sanded  tracks,  and  it  can  maintain  nearly  its  max- 
imum average  drawbar  pull  for  a  considerable  range  of  speed 
as  long  as  its  boilers  can  make  sufficient  steam.  Although  at  the 
disadvantage  of  having  reciprocating  parts,  its  drivers  being 
coupled  together  cannot  slip  individually.  In  short,  it  is  de- 
signed of  a  weight  necessary  to  get  the  tractive  effort  required  to 
pull  a  definite  load,  and  then  for  all  the  capacity  in  the  matter  of 
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speed  which  its  fire-box  and  boilers  can  provide  for.  Essential 
defects  are  that  its  drawbar  pull  varies  widely,  depending  on  the 
position  of  the  connecting-rod,  that  it  does  not  materially  in- 
crease below  a  certain  speed,  and  the  steaming  power  is  limited. 
Hence  comes  the  limitation  of  the  **  ruling  grade." 

On  the  other  hand,  the  electric  locomotive,  wfien  likewise 
properly  designed,  provides  a  drawbar  pull  of  constant  character 
throughout  the  revolution  of  the  driver,  it  increases  to  an  ex- 
traordinary degree  when  necessary,  and  the  capacity  of  the  boiler 
supplied  at  the  central  station  is  ample.  On  all  service,  how- 
ever, high  continuous  capacity  of  the  motor  is  essential. 

Capacity  being,  therefore,  the  keynote  of  the  equipment,  I 
shall  discuss  at  some  length  the  characteristics  of  conductors 
and  motors  used  with  direct  current  and  with  alternating 
current.  In  so  far  as  these  comments  relate  to  single-phase 
alternating-current  operation,  they  will  in  some  measure  be  based 
upon  the  only  existing  commercial  development  of  this  character 
now  in  the  United  States,  that  is,  upon  the  series-wound,  commu- 
tating,  single-phase  motor  with  compensated  fields,  operated  at 
25  cycles. 

Lowering  the  number  of  cycles  to  increase  the  capacity  of  the 
single-phase  motor,  as  has  been  suggested  although  not  yet 
developed  in  commercial  practice,  of  course  merits  serious  con- 
sideration, and  I  shall  add  some  comments  upon  this  proposed 
change. 

Behavior  of  conductors.  Both  motors  and  conductors  when 
used  for  direct  current  or  for  single-phase  alternating  current, 
present  certain  differences  of  such  inherent  character  that  there 
seems  no  present  likelihood  of  material  change ;  and  this  conclu- 
sion is  as  sound  in  regard  to  the  motor-differences  as  it  is  in  regard 
to  conductors. 

When  used  for  single- phase  alternating  currents,  conductois 
offer,  by  reason  of  self-induction,  an  impedance  or  resistance  to 
current  materially  greater  than  they  present  to  direct  currents. 
This  impedance,  and  the  consequent  loss  of  energy  at  any  par- 
ticular potential  delivery,  depends  upon  the  shape  and  material 
of  the  conductor,  upon  the  frequency  of  alternation,  the  density 
of  current  and  the  power-factor.  Under  ordinary  conditions, 
a  round  copper  conductor  of,  say,  No.  0000  size,  has  at  25  cycles 
an  impedance  of  about  1.6.  But  with  iron  or  steel  conductors 
this  impedance  is  increased  many  times,  because  the  magnetiza- 
tion of  the  iron  and  the  self-induction  drive  the  current  toward 
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the  skin  of  the  conductor,  so  that  the  body  of  it  is  useless,  and  it 
might  as  well  be  a  shell  of  very  much  less  weight. 

This  effect  in  steel  rails  increases  with  the  quality  and  with  the 
cross-section  of  the  rail.  For  example,  according  to  the  report 
of  the  Test  Commission  of  the  recent  International  Electrical 
Congress,  on  50-lb.  traffic  rails  the  ratio  of  impedance  to  direct- 
current  resistance  at  25  cycles  and  300  amperes  is  about  6.4, 
while  on  80-lb.,  rail  this  ratio  with  the  same  current  is  9.0,  with 
the  curious  result  that  increasing  the  cross-section  of  the  rail 
does  not  apparently  increase  its  actual  capacity  for  carrying 
single-phase  currents.  Quite  the  contrary,  of  course,  is  the  fact 
in  regard  to  direct  currents,  the  conductivity  increasing  with  the 
cross-section  and  quality. 

These  statements  are  made  not  because  of  special  novelty, 
but  in  emphasizing  certain  inherent  differences  in  conductors  in 
.their  behavior  toward  the  two  kinds  of  current  additional 
weight  is  lent  to  the  statement  that  the  differences  inherent  in 
direct-current  and  single-phase  alternating-current  motors  are 
likewise  radical,  and  are  probably  permanent  in  character. 

Types  of  motor.  Among  the  many  types  of  motors  proposed 
for  railway  service,  four  are  now  being  exploited: 

Polyphase  alternating-current  motor 

Single-phase  "  "        repulsion  type    ^ 

"  "  "       series  type 

Direct-current  " 

Of  these,  two,  the  direct-current  and  the  three-phase  motors, 
each  have  a  continuous  rate  of  energy-input,  while  the  single- 
phase  motor  has  an  intermittent  and  variable  rate.  Moreover, 
there  is  combined  in  the  single-phase  motor  two  distinct  func- 
tions, those  of  a  motor  and  a  transformer,  and  the  latter  cannot 
be  entirely  eliminated.  The  result  is  a  reduction  in  both  con- 
tinuous and  overload  capacities. 

It  is  in  this  particular  that  the  single-phase  motor,  despite  a 
great  amount  of  experimental  development,  has  remained 
defective;  and  while  not  prohibitive  to  the  extent  of  making  it 
an  unworkable  machine,  its  defects  are  so  inherent  as  to  place  it 
at  a  serious  disadvantage  in  individual  comparison  with  other 
types  of  motors.  To  attain  the  preeminence  hoped  for,  the 
external  advantages  in  current  supply  must  be  very  marked. 
In  fact,  rated  in  the  same  manner  and  under  like  physical 
conditions,  it  is  only  about  half  as  good  as  the  direct-current 
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motor.  Or  to  put  it  another  way,  the  weight  of  the  complete 
single-phase  electrical  equipment  oa  a  car  or  loconiGtive,  includ- 
ing transformers,  motors,  and  controlling  apparatus,  for  con- 
tinuous hard  service,  and  with  like  physical  limitations  and 
ventilation,  is  about  twice  that  required  for  direct-current  appara- 
tus. In  addition  to  this  there  is,  of  course,  a  material  increase 
in  the  mechanical  equipment  necessary  to  carry  the  electrical 
apparatus.  The  reason  is  simple — it  is  because  of  the  heat 
generated  on  account  of  lower  electrical  efficiency,  and  the 


Pxo.  7 — New  Haven  1000  h.p.  altematirig-cturent  electric  locomotive. 


working  the  fields  of  the  motors  at  a  reduced  magnetic  flux.| 

When  considering  locomotives,  the  net  result  is  that  the 
total  wei;/ht  of  a  single-phase  alternating-current  locomotive, 
with  a  service  capacity  equal  to  that  of  a  direct-current  loco- 
motive of  like  armature  speeds  and  permissible  temperature- 
rise  (this  temperature-rise  being  the  ultimate  limitation  of  a 
motor  for  continuous  service)  will  easily  be  from  30  to  50  tons 
more. 

An  increase  in  the  total  \veight  of  a  train  amounting  to  from 
3%  to  10%  is  perhaps  not  of  itself  of  so  much  importance,  be- 
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cause  such  a  difference  in  net  power  demand  can  easily  appear 
for  various  reasons ;  but  a  ratio  of  2  to  1  in  capacity  for  the  limit 
of  equipment  possible  to  install  within  given  allowable  dimensions 
and  number  of  units  is  a  matter  of  vital  importance. 

If  an  increased  weight  is  permissible  for  any  given  capacity, 
there  must  be  some  ample  compensation  for  it.  Of  course  this 
is  claimed  to  be  the  fact  in  the  single-phase  system,  but  another 
possible  advantage  which  might  prove  important  is  the  abolition 
of  gearing  and  bearings,  and  simplification  in  motor  and  locomo- 
tive construction.     Both  advantages  can  hardly  be  hoped  for. 

Comparative  weights  of  direcUcurrent  and  25-cycle  single- 
phase  alternating-current  motors.  While  testimony  is  practi- 
cally tmiversal  that  not  only  is  any  single-phase  motor,  whatever 
the  number  of  alternations,  more  or  less  inefficient  than  a  direct- 
current  motor  of  like  weight  or  capacity,  the  differences  of 
efficiency,  excluding  the  losses  in  the  gearing,  are  variously 
estimated. 

A  curious  illusion  relating  to  this  subject  seems  to  possess  a 
number  of  well-known  men,  as  was  illustrated  by  an  active 
discussion  before  the  English  Institution  of  Electrical  Engineers 
of  Mr.  F.  W.  Carter's  paper  on,  '*  Technical  Consideration  in 
Electric  Railway  Engineering,"  at  the  meeting  in  January,  1906. 
Mr.  Mordey,  while  stating  that  there  is  a  large  difference 
in  the  efficiency  of  direct-current  and  single-phase  alternating- 
current  motors,  claimed  that  inasmuch  as  we  are  concerned  with 
the  efficiency  of  the  whole  system  it  makes  no  difference  where 
this  loss  appears,  and  that  this  difference  of  energy  may 
easily  exist  in  a  direct-current  system  if  the  cars  are  not 
properly  handled.  Mr.  Carter  very  properly  corrected  him, 
and  pointed  out  that  the  location  of  this  loss  is  vital,  as  it 
determines  the  heating  of  the  motors,  and  if  appearing  in  them 
it  meant  from  two  to  three  times  the  heat  generated  to  be 
dissipated  from  the  equipment.  This  is  but  another  way  of 
saying  that  a  greatly  increased  weight  of  equipment  is  necessary 
with  the  machines  of  lower  efficiency. 

The  reason  for  the  reduced  efficiency  of  the  single-phase 
motor  (whatever  the  actual  amount,  which  depends  upon  a 
number  of  factors)  is  inherent,  and  is  due  to  the  transformer 
action  which  by  increasing  the  losses  limits  the  output  of  the 
motor.  There  is  an  additional  loss  of  considerable  consequence. 
Electrical  efficiency,  it  must  be  borne  in  mind,  is  the  ratio 
between  the  real  output  and  input.     The  net  input  is,  however, 
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not  the  product  of  current  and  potential,  as  in  a  direct-current 
motor,  but  is  affected  by  the  phase-relation,  commonly  known 
as  the  power-factor;  and  when  this  is  below  100%  it  means  that 
the  actual  watts  input  is  less  than  the  product  of  potential  and 
current  or  volt-amperes.  To  put  it  another  way,  the  actual 
current  input  is  greater  than  would  be  required  if  the  power- 
factor  were  unity.  As  ordinarily  rated,  efficiency  does  not 
take  account  of  this  fact,  but  the  increase  of  current  actually 
means  an  increased  Pr  loss,  hence  greater  heating,  and  a  conse- 
quent further  reduction  of  motor-capacity. 

It  is  well,  just  here,  to  point  out  that  an  increase  of  10%  in  the 
amount  of  current  used  ©n  a  direct-current  system,  because  of 
improper  gear-ratio,  change  of  schedule,  or  careless  handling 
of  equipments  by  motormen  does  not  mean  that  this  excess 
energy  is  dissipated  in  internal  losses  in  the  motors,  for  these 
may  be  increased  only  about  one  per  cent.  The  situation  in 
regard  to  the  single-phase  motor  is,  however,  entirely  different, 
for  it  is  subject  not  only  to  increased  power  consumption 
with  its  proportionate  losses  because  of  careless  operation, 
but  it  also  has  its  individual  increased  internal  loss,  which 
is  variously  estimated  to  be  much  more  than  that  fotind  in 
properly  designed  direct-current  motors  of  equal  weight  and 
like  physical  limitations. 

Much,  indeed,  has  been  stated,  and  denied  on  this  subject  of 
the  relative  weights  and  capacities  of  direct-current  and  single- 
phase  altematirg-current  equipments.  On  several  occasions  I 
have  stated  that,  measured  by  equal  physical  limitations  in  speed 
and  clearances,  and  for  the  same  temperature-rise  with  natural 
ventilation,  the  total  weight  for  any  given  service  would  be 
twice  as  much  with  the  alternating-current  apparatus  as  with 
the  direct-current.  A  similar  view  has  been  expressed  by  other 
investigators,  among  whom  I  may  mention  Carter,  Parshall,  and 
Hobart.' 

Statements  of  this  character,  no  matter  how  authoritatively 
and  carefully  made,  seem  to  lie  under  the  suspicion  of  individual 
prejudice.  Since  this  is  an  engineering  matter  of  so  much 
importance,  I  have  endeavored  to  get  some  exact  facts.  These 
will,  I  think,  prove  interesting,  and  I  will  show  graphically, 
illustrating  somewhat  further  by  specific  statements,  the  actual 
comparison  between  two  motors  of  almost  exactly  the  same 
weight. 

It  is  customary  to  adopt  a  single-phase  altemating-ctirrent 
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motor  rating  which  is  based  upon  the  performance  of  some 
direct-current  motor.  For  example,  a  125-h.p.  single-phase 
machine  is  supposed  to  do  the  same  work,  that  is,  handle  the  total 
number  of  tons  on  some  specified  service,  as  a  125-h.p.  direct- 
current  motor.  This  may  be  an  ingenious  comparison,  but  it  is 
a  very  specious  and  misleading.  The  fact  is  that  such  a  motor 
equipment,  including  its  transformer,  will  be  very  much 
heavier  than  the  motor  equipment  with  which  it  is  compared,  and 
consequently  the  net  load  which  it  can  handle  will  be  much  less. 

What  is  of  vital  consequence  is  a  comparison  of  capacities  for 
equal  weights,  not  only  of  motors  but  of  total  apparatus  which  must 
be  carried  on  a  car,  and  also  to  compare  the  speed-relation 
and  the  polar-clearances,  in  other  words,  the  allowable  wear  of 
bearings,  all  of  which  is  quite  aside  from  gear  and  commutator 
brush  considerations,  which  are  of  themselves  serious. 

Valatin  and  others  have  indicated  one  measure  of  comparisoo 
between  motors  of  different  makes,  types,  and  capacities — the 
**  weight-coefficient," — which  for  convenience  may  be  expressed 
by  the  following  equation : 

TTT  .  i_^        rn       ^       Nominal  rated  horse  power 

Weight-cocmaent  =  y> ^—r- iz — -\:r^ — 

°  Revolutions  X  weight  m  tons 

This  is  a  factor  of  the  greatest  importance,  and  it  should  be  con- 
sidered not  only  for  the  one-hour  76°-rise  load,  but  throughout 
the  whole  thermal  curve. 

Let  us  investigate  two  motors,  which  for  convenience  we  will 
call  X  and  V,  both  standard  modem  machines. 

An  initial  comparison  is  as  per  this  table. 

Machine       Type       Voltage      Air-gap      1-fer.  rating      Weight 
X  d.c.  550  0.25  240  h.p.         5.473  1b. 

Y        25-a.c.         225  0.10  125  h.p.         5,274  lb. 

The  weights  are  minus  pinions,  gear,  and  gear-cases.  There 
is  a  difference  of  less  than  4%  in  net  weights,  or  about  2.5% 
in  total  weights.  They  can,  therefore,  be  very  properly 
compared. 

In  passing,  I  would  call  attention  to  the  air-gaps,  that  of  the 
direct-current  motor  being  nearly  three  times  that  of  the  altemat- 
current  motor — a  difference  of  vital  importance  as  affecting 
allowable  bearing-wear,  and  the  proper  functioning  of  the 
armature  circuits  under  practical  operating  conditions. 

The  accompanying   curves  (Fig.  8)  show  graphically,  almost 
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Fig.  8. 


ris<!  75^  in  teinj>crature  when  operating  at  full  normal  potential 
under  varyin;j  loads  and  with  natural  ventilation. 

It  8o  happens  that  tliese  two  motors  have  the  same  speed — 
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500  revolutions — when  run  at  their  proper  potentials  for  39 
minutes  with  such  loads  as  will  give  temperature  rises  of  76°, 
and  hence  this  will  be  taken  as  the  starting  point,  and  the 
characteristics  noted  for  various  runs  up  to  five  hours. 

Inspection  of  these  curves  shows  the  following  comparisons: 


Ratio  of 

Ratio   of 

Ratio  of 

Time  for 
76«rii!e 

Ckpacitiee 

d.c!a.c. 
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Generally  speaking,  it  will  be  noted  that:  starting  at  500 
revolutions  for  a  39-minute  run,  the  capacity  of  the  direct- 
ctarent  motor  averages  approximately  nearly  double  that  of  the 
alternating-current  throughout  the  thermal  range ;  the  speed 
of  the  alternating-current  motor  rises  at  a  much  more  rapid 
rate,  until  on  a  i&ve-hour  run  it  is  double  that  of  the  direct- 
current  motor,  despite  the  fact  that  it  is  only  developing  one 
half  the  power;  the  direct-current  motor  has  a  5-hour  capacity 
in  excess  of  the  1-hour  capacity  of  the  alternating-current 
motor;  and  the  ratio  of  the  weight-coefficients,  beginning  at  a 
trifle  of  over  2  to  1,  rises  to  more  than  4  to  1  in  favor  of  the 
direct-current  motor  on  the  longer  runs.  This  comparison 
of  weight-coefficients  does  not  include  the  collectors,  control- 
switches,  rheostats,  transformers,  or  wiring,  which  in  the 
aggregate  are  enough  heavier  for  the  alternating-current  motor 
to  maintain  these  disparities. 

It  is  evident,  therefore,  that  a  pair  of  these  alternating-current 
motors  can  handle  only  about  one  half  of  the  total  load  of  the 
direct-current  motors,  with  all  the  disadvantage  of  higher 
armature  speed  and  smaller  air-gaps;  and  considering  the 
excess  weight  of  the  control  apparatus,  the  net  load  over  and 
above  the  electric  eqtupment  would  be  considerably  less  than  one 
half. 

This  general  comparison  is  not,  so  far  as  the  relative  charac- 
teristics are  concerned,  individual  to  this  particular  size  of 
motor,  but  seems  to  be  equally  applicable  through  a  wide 
range,  and  indiflferently  as  to  the  make,  or  whether  the  alternat- 
ing-current motor  is  of  the  series-compensated  or  the  repulsion 
type.  Furthermore,  these  differences  are  seemingly  so  inherent 
that  there  is  little  chance  for  improvement  at  25  cycles. 
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Let  us  see  the  practical  application  of  these  facts.  The 
passenger  service  on  a  certain  typical  trunk-line  division  re- 
quires cars  of  such  size  that,  operated  on  a  direct-current  system 
they  would  be  eqtiipped  with  2  X*s,  and  if  on  a  25-cycle  current 
system  with  4  Y's.  With  equal  seating  capacity  the  following 
are  actual  comparisons : 

a.  Total  weights  of  electric  equipment,  including  500  lb. 
excess  on  trucks: 

Alternating  current,  (4  Y's)  35,000  lb. 

Direct  current,  (2  X's)  16.000  " 


Excess  a.c.  over  d.c.  (118%)  19,000  lb. 

b.  Total  nominal  rating  of  equipments: 

Alternating  current,  (4  Y's)  500  h.p 

Direct  current,  (2  X's)  480  •" 

c.  Rating  per  ton  of  total  weight,  including  car-body  and 
seated  passengers: 

Alternating  current,  (4  Y's)  9.92  h  p 

Direct  current,  (2  X's)  10.67   " 

d.  Approximate  costs  of  electric  equipment: 

Alternating  current,  (4  Y's)  

Direct  current,  (2  X's)  

Excess  alternating  current  over  direct 
current  (100%) 

Polyphase  and  direct-current  motor  characteristics.  Opposed 
to  the  two  types  of  single-phase  motors  are  the  polyphase  and 
the  direct-current  motors,  the  former  with  a  rotating  field,  and 
the  latter  with  a  field  of  fixed  character.  They  have  similarly 
high  weight-efficiencies,  the  former  having  somewhat  the  ad- 
vantage when  compared  with  the  ordinary  type  of  direct-cturent 
motor. 

The  polyphase  motor,  however,  is  a  normally  constant -speed 
machine.  It  can,  through  a  rearrangement  of  fields,  be  run  at 
two  diflferent  speeds;  but  each  is  practically  a  constant  one. 
Or  where  there  is  a  plurality  of  motors,  half  and  full  speed  can 
be  obtained  by  having, one  of  different  character  from  the 
other,  and  operated  in  cascade  relation  to  it,  with  the  necessity, 
however,  of  throwing  one-half  of  the  motors  out  of  service  when 
running  at  full  speed.  With  cascade  operation  and  field  chang- 
ing combined  there  can  be  three  running  speeds.  These  motors, 
so  far  as  their  supply  is  concerned,  have  been  limited  for  practical 
reasons  to  a  potential  of  3000  volts  on  the  trolley,  because  the 
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supply  requires,  besides  the  rail,  two  wires  overhead,  although 
a  recent  undertaking  in  the  United  States,  the  operation  in  the 
Cascade  Tunnel,  is  to  be  attempted  at  6000  volts. 

Polyphase  motors  have  an  enormous  overload  capacity,  and 
the  fact  that  they  run  at  synchronous  speeds  with  a  very 
small  slip,  and  if  the  frequency  is  unchanged  will  run  up- 
grade   nearly    as    fast    as  on  a  level,  would  indicate  at  first 


FiG.  9 — Multiple  catenary  on  Blankenese-Ohlsdorf  Railway 


sight  excessive  loads  on  main  and  sub-stations.  But  a  curious 
and  perfectly  natural  result  has  been  pointed  out  by  Cserhati 
and  von  Kando,  namely,  that  with  suitable  provision  for  regula- 
tion at  the  central  station,  so  that  with  excessive  loads  the 
generators  will  drop  in  speed,  there  will,  with  such  speed  reduc- 
tion, be  not  only  a  temporary  cessation  of  drawing  power  by 
the  locomotive,  but  there  may  actually  be  a  return    of  energy 
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to  the  line  while  slowing  down.  While  of  course  this 
slowing  down  affects  all  trains  on  a  system,  it  is  quite  con- 
ceivable that  'when  there  are  a  number  of  trains  in  opera- 
tion a  mean  result  may  easily  be  attained  which. will,  in  the 
matter  of  load-fluctuation,  compare  favorably  with  that 
of  any  other  system.  Multiple-unit  grouping  and  operation 
is  ordinarily  impracticable  because  of  the  small  slip.  In 
spite  of  the  splendid  work  done  by  the  Ganz  Company, 
and  the  strong  support  of  many  Italian  engineers.  I  feel 
that,  all  things  considered,  neither  the  motor  characteristics 
nor  the  limitations  of  overhead  construction  are  acceptable  for 
such  service  and  conditions  as  exist  on  our  trunk-line  roads. 

On  the  other  hand,  considered  by  itself,  the  direct-current 
motor,  with  its  high  average  weight  efficiency,  simplicity  of 
construction,  facility  of  control,  automatic  response  in  torque 
and  speed  to  varying  grades  and  curvatures,  and  great  sus- 
tained capacity  for  enormous  torque  at  low  speed,  besides 
the  advantages  of  speed-ranges  obtained  by  motor-grouping, 
and  the  use  of  a  single  conductor  and  track  return,  offers  a 
most  effective  machine  to  meet  the  conditions  of  railway 
service.  Through  it,  as  with  the  polyphase  machine,  the 
"  ruling  grade,"  often  of  limited  length,  is  eliminated,  for  the 
motor  can  always  respond  to  these  temporary  demands  up 
to  the  limit  of  track  adhesion. 

In  the  matter  of  speed- variation,  the  ordinary  four-motor 
locomotive  has,  with  proper  control,  three  impressed  electro- 
motive forces,  for  each  of  which  there  is  the  same  torque  with  a 
given  current,  while  the  aggregate  current  from  the  line  varies  as 
does  the  speed  of  the  locomotive  itself  at  any  fixed  torque, 
about  400  per  cent.  For  each  of  the  combinations  there  is  a 
wide  controlled  automatic  range  of  torque  and  speed,  which  as 
the  sustained  torque  increases  is  far  beyond  the  limits  of  the 
single-phase  motor,  and  for  a  wide  range  of  torque  there  is 
possible  a  considerable  variation  of  speed  by  field-shunting. 

These  various  features  of  torque-  and  speed-control  are  of  the 
utmost  importance  when,  under  some  abnormal  conditions  of 
traffic,  it  may  become  necessary  to  relieve  the  demand  on  the 
supply,  although  maintaining  a  high  draw-bar  pull,  or  when,  as 
in  the  operation  of  snow-plows  a  number  of  pushing  locomo- 
tives under  a  sin^^le  control  must  run  at  slow  speed  for  con- 
siderable periods  of  time. 

Direct-current    motor    improvements.     During    the    last    two 


708  SPRAGUE:  TRUNK-LINE  OPERATION  [May  21 

years  important  developments  have  taken  place  in  direct-current 
motor  construction  which  materially  change  any  preconceived 
conclusions  as  to  its  limitations. 

The  first  is  the  introduction  of  the  commutating  pole,  which 
has  practically  eliminated  commutator  troubles,  such  as  spark- 
ing, undue  heating,  and  flashing  over,  so  that  even  a  four-pole 
machine,  within  a  wide  range  of  potential  and  load,  runs  ab- 
solutely black  at  the  brushes.  That  this  improvement  has 
reached  a  high  degree  of  commercial  standing,  despite  very 
recent  technical  criticism  and  opposition,  is  evidenced  by  the 
fact  that  orders  for  nearly  a  thousand  railway  motors  have 
been  placed  within  the  last  two  months. 

This  improvement  makes  possible  the  shunted-field  addition 
to  the  series-parallel  control  of  speed,  the  construction  of  motors 
for  operation  at  much  higher  potentials,  and  the  operation  of 
two  motors  in  series  at  double  potential.  The  partial  depend- 
ence of  one  motor  on  another  when  two  machines  are  in  series 
is  not  individual  to  this  combination,  for  with  single-phase 
alternating-current  motors,  especially  of  the  larger  capacity, 
the  heavy  currents  required  because  of  the  low  potential  at 
which  the  motors  are  operated — 200  to  250  volts — has  led  to 
permanent  series  or  series-parallel  connection  of  machines. 

An  especially  important  development  is  that  illustrated  by 
the  gearless  locomotives  built  for  the  New  York  Central  Rail- 
road (Fig.  4) ,  in  which  the  hitherto  invariable  practice  of  main- 
taining a  fixity  of  relation  between  the  armature,  or  rotating  part, 
and  the  field-magnet,  or  fixed  part,  has  been  abandoned;  the 
armatures  are  mounted  directly  on  the  axle,  the  field-magnets 
forming  a  part  of  the  locomotive-frame,  supported  by  its  springs 
and  hence  movable  with  regard  to  the  armatures.  In  this  con- 
struction, therefore,  there  are  no  armature  or  field  bearings. 
This  locomotive  is  of  the  simplest  type  possible,  electrically 
and  mechanically;  and  when  operating  under  conditions  for 
which  it  is  properly  applicable  it  has  not  only  the  highest  weight- 
efficiency,  but  the  lowest  cost  of  repairs  of  any  direct-current 
machine,  and  much  lower  than  is  possible  for  any  single-phase 
locomotive.  It  is  structurally  a  natural  high-potential  machine 
on  account  of  having  but  two  poles. 

Since  the  capacity  of  electrical  apparatus  depends  upon  the 
speed  at  which,  with  any  magnetic  flux,  the  armature  conductors 
move,  this  geadess  type  of  locomotive,  if-  used  for  the  slow 
speed  and  heavy  torque  required  on  freight  service,  can  only 
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be  constructed  wdth  reduced  weight-efficiency  as  compared 
with  geared  locomotives;  but  despite  this  handicap 'there  are 
so  many  special  advantages  that  it  can  be  seriously  considered 
even  for  this  service. 

Difference  between  direct-current  and  single-phase  alternating- 
current  motors.  The  present  inherent  differences  between  single- 
phase  and  direct-current  motors  may  be  briefly  simimed  up  as 
follows : 

1.  The  input  of  current  in  one  is  continuous;  in  the  other 
intermittent. 

2.  One  has  a  single  frame/ the  etectrical  and  mechsinical  parts 
being  integral ;  the  other  has  a  laminated  frame  contained  within 
an  independent  casing.  Hence  there  is  not  equal  rigidity,  or 
equal  use  of  metal. 

3.  One  has  exposed  and  hence  freely  ventilated  field-coils; 
the  other  has  field-coils  imbedded  in  the  field-magnets. 

4.  One  has  a  large  polar  clearance,  and  consequently  ample 
bearing- wear;  the  other  has  an  armature  clearance  of  about  only 
one  third  as  much,  and  hence  limited  bearing-wear. 

5.  One  is  operated  with  a  high  magnetic  flux,  and  conse- 
quently high  torque  for  given  armature-conductor  current;  the 
other  has  a  weak  field,  and  consequent  lower  armature  torque. 

G.  One  has  a  moderate  sized  armature  and  commutator,  and 
runs  at  a  moderate  speed;  the  other,  with  equal  capacity,  has 
a  much  larger  diameter  of  armature  and  commutator,  and  runs 
at  a  much  higher  speed. 

7.  One  permits  of  a  low  gear-reduction,  and  consequently  a 
large  gear-pitch;  the  other  requires  a  higher  gear-reduction,  and 
a  weaker  gear-pitch. 

S.  The  windings  of  one  are  subject  to  electrical  strains  of  one 
character;  in  those  of  the  other  the  strains  are  of  rapidly  vari- 
able and  alternating  character. 

9.  The  mean  torque  of  one  is  the  corresponding  maximum; 
the  mean  torque  of  the  other  is  only  about  two  thirds  of  the 
maximum. 

10.  The  torque  of  one  is  of  continuous  character;. that  of  the 
other  is  variable  and  pulsating,  and  changes  from  nothing  to 
the  maximum  fifty  times  a  second. 

11.  One  has  two  or  four  main  poles  only,  two  paths  only  in 
the  armature,  and  two  fixed  sets  of  brushes;  the  other  has 
four  to  fourteen  poles,  as  many  paths  in  the  armature,  leading  to 
unbalancing,  and  as  many  movable  sets  of  commutator  brushes. 
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12.  One  can  maintain  a  high  torque  for  a  considerable  time 
while  standing  still ;  the  other  is  apt  to  burn  out  the  coils  which 
are  short  circuited  under  the  brushes. 

13.  In  one,  all  armature-coil  connections  are  made  directly 
to  the  commutator;  in  the  other,  on  the  larger  sizes  resistances 
are  introduced  between  the  coils  and  every  bar  of  the  commutator, 
some  of  which  are  always  in  circuit,  and  the  remainder  always 
present. 

14.  In  one  the  sustained  capacity  for  a  given  weight  is  within 
the  reasonable  requirements  of  construction;  in  the  other  it  is 
only  about  half  as  much. 

15. .  Finally,  the  gearless  type,  with  armature  and  field  varjdng 
relatively  to  each  other,  is  available  for  one,  but  this  con- 
struction is  denied  to  the  other. 

Consideration,  then,  of  the  characteristics  peculiar  to 
each  class  of  motor  indicate,  not  that  the  single-phase 
motor  cannot  be  used,  but  that  if  adopted  the  weight  or 
number,  and  the  cost  of  locomotives  or  motors  required  to  do 
the  work  must  be  much  greater;  that  the  depreciation  of  that 
which  is  in  motion  will  be  much  higher;  and  that  there  will 
always  be  an  excess  weight  of  fixed  amount  per  unit  which  must 
be  carried  irrespective  of  the  trailing  or  effective  loads.  We 
must,  therefore,  in  many  cases  be  led  to  the  selection  of  the  direct- 
current  motor,  that  motor  which  has  the  higher  weight  ca- 
pacity, the  greater  endurance,  and  the  lower  cost  per  unit  of 
power. 

Electric  braking.  Recuperation  of  energy  to  reduce  the 
amount  of  power  used,  and  to  make  the  motors  act  as  brakes 
to  retard  the  acceleration  of  a  train,  has  been  a  favorite  pro- 
ject, and  attended  by  many  prophecies  since  the  beginning  of 
the  electric  railway  industry.  I  confess  to  having  been  very 
early  infected  with  this  economic  ambition.  In  fact,  I  demon- 
strated mathematically  quite  correctly  and  satisfactorily  a 
good  many  years  ago,  before  the  Society  of  Arts  in  Boston, 
that  if  the  Manhattan  Elevated  Railway  of  New  York  could 
be  equipped  electrically  with  shunt-wound  motors  whose 
speed-variation  was  effected  partly  by  resistance  in  the  arma- 
ture circuit  and  then  by  variation  of  field  strength,  there  would 
be  a  reduction  of  central-station  capacity  of  fully  40%  as  com- 
pared with  a  system  which  did  not  use  the  motors  as  braking 
generators;  and  not  only  was  there  this  theoretical  reduction 
in  capacity,  but  since  every  stopping  train,  and  every  train  on  a 
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down-grade  was  a  moving  generator  there  would  naturally  be 
materially  less  losses  on  the  line.  These  facts  were  demonstrated 
practically  by  experiments  carried  .out  on  the  Thirty-fourth 


Street  branch  of  the  elevated  railroad  for  several  months  in  the 
winter  of  1885-6.  But  the  system  is  not  used  to-day,  despite 
its  enormous  possible  saving  of  power  and  station  capacity, 
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because  it  required  the  use  of  shunt  motors  with  their  fine-wire 
field-windings,  and  hence  necessary  reduced  capacity  compared 
with  the  modem  series  motor;  it  required,  also,  a  very  exact 
equalization  of  the  characteristic  of  motors  and  maintenance 
of  like  wheel-diameters,  and  an  increase  of  motor-capacity  and 
weight  because  of  the  double  duty  and  consequent  heating. 
Here  again  capacity  has  been  an  important  and  finally  deter- 
mining factor  in  motor  requirements  and  practice. 

On  ordinary  railroads  the  gradients  are  not  sufficient 
to  make  it  worth  while  to  attempt  any  recuperation  of 
energy;  the  acceleration  due  to  any  excess  of  gravity- 
coefficient  above  that  necessary  to  overcome  the  friction  of 
the  train  is  usually  welcomed.  On  moimtain  roads,  however, 
electric  braking  may  become  an  important  adjunct,  not  be- 
cause of  power  economy,  but  for  safer  operation.  In  any 
case,  simplicity  of  application  and  absolute  reliability  of  action 
are  first  essentials. 

There  are  two  general  methods  available:  one,  in  which  the 
energy  of  the  descending  train  drives  the  motors,  acting  with 
shunt-  or  independent-field  characteristics,  at  an  aggregate 
potential  above  that  of  the  line  at  the  rail,  and  sending  current 
back  into  the  line;  another  in  which  the  motors  are  discon- 
nected from  the  line,  and  driven  as  self-exciting  generators  on 
a  closed  circuit,  as  much  of  the  energy  of  the  descending  train 
as  desired  being  used  up  in  heating  rheostats. 

The  first  method  is  dependent  on  the  line,  requires  ex- 
ternal excitation  of  the  field-magnets,  and  where  direct-current 
motors  are  directly  connected  to  the  line,  two  armatures  should 
be  thrown  in  series  if  the  power  to  slow  the  train  down  to  or 
below  its  ascending  speed  on  heavy  grades  is  desired.  This  is 
because  the  excitation  of  the  fields  is  carried  to  saturation  on 
ascending  work,  when  the  motor  electromotive  force  is  much 
less  than  that  of  the  line  plus  the  drop  on  the  supply  conductors, 
and  permits  of  no  further  increase  of  flux  to  raise  it.  Such 
independent  excitation  of  fields  should  be  through  a  motor- 
generator  set  to  get  the  current  of  low  potential  in  large  volume 
necessary  for  the  series  fields. 

This  method  is,  of  course,  possible  of  application,  and  will 
give  a  range  of  control  of  speed  from  about  the  mean  speed  on 
ascending  grades  to  double  that  speed;  but  it  will  be  with  in- 
equality in  heating  of  the  armatures  and  the  fields,  the  latter 
running  cool,  and  the  former  practically  at  their  average  max- 
imum. 
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It  is  not  practical  to  set  the  control  for  a  given  down  speed, 
and  then  to  vary  speed  by  the  air-brake,  for  the  braking  power 
of  the  motors  is  measured  by  the  relation  of  their  potential  to 
that  of  the  line,  which  is  variable.  To  be  effective,  this  poten- 
tial must  be  raised  sufficiently  above  that  of  the  line,  wherever 
a  locomotive  may  be,  not  only  to  send  back  current,  but 
current  in  considerable  volume  over  the  conductors  intervening 
between  it  and  such  other  locomotives  or  stations  as  may  be 
able  to  take  up  the  energy  thus  created.  The  motors  are 
therefore  under  a  constantly  varying  condition,  and  are  also 
subject  to  excess  potential  strains.  Application  of  the  air- 
brake to  slow  down  a  train  would  under  such  circumstances 
reduce  or  destroy  the  braking  power  of  the  motors  unless  their 
controllers  were  simultaneously  moved.  In  fact,  such  air-brake 
application  could  readily  convert  the  machines  into  motors 
taking  current  from  the  line,  and  hence  put  double  duty  on 
the  brake-shoes. 

The  second  method  of  braking  is  to  use  the  motors  with- 
out disconnecting  the  field  and  armature  circuits  from  each 
other,  simply  closing  them  upon  themselves,  and  varying  the 
resistance  in  circuit,  the  reversers  on  down  grade  being  set  for 
backward  movement.  This  method  requires  no  change  in  the 
organization  of  the  machine,  puts  equal  duty  on  armatures  and 
fields,  as  in  ascending  grades,  and  the  duty  on  the  armatures 
being  considerably  less  than  in  the  other  method  of  braking 
they  will  heat  much  less. 

This  method,  if  provision  be  made  for  moving  the  controller, 
is  independent  of  the  line,  and  pennits  of  the  most  complete 
variation  of  speed,  from  the  highest,  permitted  to  the  lowest 
at  which  it  may  be  desired  to  operate,  without  any  use  what- 
ever of  the  air-brake,  imless  desired,  and  without  in  any  manner 
interfering  with  the  application  of  the  latter,  although,  of 
course,  to  get  the  best  effect,  both  motor-controller  and  air- 
brake should  be  used  with  regard  to  each  other.  There  is, 
however,  no  possibility  of  the  application  of  the  latter  entirely 
destrojring  the  braking  power  of  the  motors. 

This  latter  method  of  braking  does  not  depend  upgn  line 
supply,  nor  require  the  interposition  of  any  motor-generators, 
and  is  therefore  more  direct  and  reliable.  Another  fact  of  im- 
portance is  that  the  aggregate  motor  potential  strains  are  less. 
Provision  for  both  methods  of  braking,  although  possible,  is 
not  advisable  because  of  the  introduction  of  too  great  a  variety 


716  SPRAGUE:  TRUNK-UXE  OPERATION  [May  21 

of  apparatus  and  methods,  which  may  give  rise  to  confusion 
and  accident,  and  which  in  all  cases  of  railroad  operation  ;hould 
be  avoided  as  far  as  possible. 

With  polyphase  motors  kept  in  connection  with  the  line, 
the  braking  effect  is  very  similar  to  that  of  pure  shunt  motors, 
and  the  excess  of  down  speed  is  very  small.  It  is  doubtful, 
however,  whether  with  the  varying  grades  and  curves  of  our 
mountain  roads  it  is  desirable  to  run  down-grade  at  an  ap- 
proximately fixed  speed,  but  rather  it  seems  likely  that  the 
existing  practice  of  speeding  where  the  grades  and  curves  are 
light,  and  reducing  the  speed  where  the  grades  are  heavy  and 
the  curves  are  sharp  will  remain  the  preferred  practice. 

Self-exciting  braking  is  impracticable  with  polyphase  motors. 

Comparison  of  direct-Lurrent  and  alternating-current  braking. 
On  the  general  subject  of  braking  it  should  be  pointed  out 
that  with  direct-  or  continuous-current  motors  there  is  always 
a  residual  magnetism  in  the  fields  because  of  their  construction, 
and  the  fact  that  the  exciting  current  never  changes  direction. 
Such  machines,  therefore,  can  always  promptly  build  up  auto- 
matically when  properly  closed  upon  themselves  and  the  re- 
verser  is  set  in  the  proper  direction. 

A  similarly  effective  method  of  braking  has  been  claimed 
for  motors  operated  by  single-phase  alternating  currents,  but  it 
would  seem  that  in  this  case  there  is  not  the  same  degree  of 
reliability.  In  such  motors  the  field  is  laminated  to  the  last 
degree  to  cut  down  heat-losses  and  to  increase  the  capacity;  it 
will  hold  but  little  residual  magnetism  imder  any  circumstances, 
and  furthermore  the  field  is  excited  by  a  rapidly  varying  alternat- 
ing current.  It  is  therefore  possible  that  at  times  the  field  will 
be  nearly  inert,  and  comparatively  slow,  with  its  low-turn 
winding,  in  building  up,  or  possibly  the  field  may  be  entirely 
inert,  and  refuse  to  build  up  at  all.  There  seems,  therefore, 
no  certainty  whatever  that  a  single-phase  alternating-current 
motor,  disconnected  from  the  line,  and  without  any  other  exciting 
source,  will,  when  closed  upon  itself,  always  build  up  into  a 
braking  dynamo. 

Aside  from  the  ordinary  objection  of  having  such  a  possible 
failure,  the  consequence  might  be  serious  should  it  be  necessary 
suddenly  to  call  upon  the  machines  to  brake;  as,  for  example, 
when  getting  underway,  or  when  slowly  ascending  a  grade  there 
should  be  a  failure  of  current,  and  the  train  begin  to  back  down 
before  the  air-brakes  were  applied,  or  in  case  for  any  reason  they 
should  not  be  promptly  available. 
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All  things  considered,  reliability  and  simplicity  of  operation 
dictate  the  use  of  the  self -exciting  method  of  braking  with  the 
direct-current  motor,  which  lends  itself  to  that  purpose  in  the 
highest  degree. 

Extent  of  electric  braking.  However  theoretically  desirable 
it  would  be  from  an  economic  standpoint  to  utilize  the  energy 
of  a  descending  train  to  generate  current  available  for  partial 
propulsion  of  trains  moving  on  up-grades,  it  is  to  be  borne  in 
mind  that  the  localized  braking  of  an  electric  locomotive  is  not 
intended  to,  nor  can  it  entirely  replace  air-braking;  it  is  pro- 
posed primarily  for  the  purpose  of  eliminating  certain  existing 
troubles  unavoidable  in  connection  with  air-brakes  when  used 
continuously  on  long  down-grades. 

In  trains  made  up  of  the  average  run  of  freight  cars  there  is  a 
non-simultaneous  action  of  the  air-brakes,  and  often,  if  after 
long  continued  application  the  brakes  are  released  for  a  brief 
time  so  as  to  re-charge  the  train-pipe,  the  front  end  of  the  train 
being  unbraked  will  surge  ahead,  and  the  rear  part  will  for  a 
brief  time  be  held  back  by  the  non-released  or  partially  released 
air-brakes,  resulting  in  a  parting  of  the  trains. 

Another  serious  trouble,  overheating  of  brake-shoes  and 
wheel-rims,  leading  to  breakage  of  parts  on  account  of  expansion 
or  sudden  chilling,  cannot  well  be  avoided  where  there  is  such  a 
continuous  application  of  air-brakes  as  is  required  on  free  move- 
ment of  freight  trains  on  long  grades;  this  is  a  difficulty  which 
it  is  best  to  avoid  by  supplementing  the  air-brake  by 
other  braking  means  not  dependent  upon  brake-shoe  applica- 
tion. 

The  objections  cited  will  be  largely  removed  if  the  duty  on 
air-brakes  can  be  materially  reduced,  and  sometimes  entirely 
relieved.  Electric  braking  on  the  method  I  have  indicated  will 
accomplish  this,  and  it  seems  wise  normally  to  divide  the  duty 
between  electric  and  air-braking.  For  that  reason  I  will  give 
an  illustration  of  the  duty  on  the  motors,  as  this  will  have  a 
direct  bearing  upon  the  capability  for  the  radiation  of  energy  in 
the  form  of  heat  from  the  rheostats  in  circuit. 

Suppose  a  700-ton  train  operates  on  a  grade  requiring  tractive 
efforts  per  ton  of, 

For  lifting  25  lb. 

For  traction  and  curves  8   " 

Total  33  "" 
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On  down  movement,  17  lb.  only  will  be  available  for  accelera- 
tion of  speed,  which  must  be  taken  up  by  braking  in  some  form. 

If  divided  between  electricity  and  air  there  would  be  required 
from  the  locomotive : 

Average  retardation  per  ton  8.5  lb. 

Total  for  700-ton  train  5950      " 

Foot-tons  per  minute,  at  20  miles  5192 
Equivalent  electrical  rate  235    kw. 

Dissipated  in  rheostats  at  90%  machine  efficiency  212    kw. 

which  would  be  a  light  duty  for  four  motors  and  rheostats,  and 
would  leave  ample  margin  for  them  to  take  the  full  braking  effort 
up  to  the  skidding  of  the  wheels  whenever  it  might  become 
necessary. 

Working  conductors.  Whatever  motors  are  used — and  all 
the  principal  types  will  be  used — ^there  is  a  variety  of  methods  pf 
construction  and  use,  especially  as  applied  to  locomotive  building, 
and  alternate  methods  of  current  supply  and  use. 

Generally  speaking,  conductors  may  be  divided  into  tvio 
classes;  flexible  or  rigid  overhead,  and  third-rail,  One  would 
suppose  from  many  references  and  some  of  the  arguments  which 
have  been  made,  that  direct-current  systems  are  essentially 
and  necessarily  dependent  upon  the  third-rail,  and  that 'the 
overhead  trolley  is  a  thing  individual  to,  and  has  been  developed 
for  alternating-current  operation  only.  This  impression  should 
be  corrected,  not  of  course  for  the  information  of  engineers, 
but  because  this  somewhat  erroneous  idea  is  in  danger  of  being 
accepted  as  a  fact  by  non-technical  men. 

The  overhead  system  has  been  a  distinctive  feature  of  all 
electric  roads  operated  by  direct  current  since  the  days  of  the 
historic  Richmond  road,  with  the  exception  of  those  using  the 
third-rail ;  and  until  recently  the  only  practical  modification  has 
been  the  somewhat  limited  use  abroad  of  the  sliding  bow  or  roller 
in  place  of  the  grooved  trolley- wheel.  This  latter,  although 
used  with  high  speeds  on  interurban  roads,  is  unfitted  for 
tnmk-line  operation,  and  where  overhead  trolley  wires  are 
used  the  long  collector  will  probably  take  its  place. 

Physically,  the  overhead  trolley  is  not  individual  to  any 
particular  system;  practically,  its  use  depends  upon  the  amount 
of  current  which  has  to  be  collected.  If  at  low  potentials,  then 
it  must  be  either  strongly  reinforced,  and  there  must  be  a 
plurality  of  contacts,  or  if  these  are  diminished   the   amount 
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web,  an  enormous  power.  An  ardent  advocate  for  years  of 
the  use  of  higher  potentials,  and  fully  aware  of  the  limitations  of 
the  direct-current  standard  which  has  existed  so  long,  I  believed 
for  a  long  time  in,  and  advocated  the  use  of  the  overhead 
trolley  as  the  only  practical  working  conductor  for  potentials 
above  UXiO  volts. 

Until  recently,  the  invariable  practice  with  overhead  con- 
struction has  been  to  use  a  flexible  wire  supported  at  com- 
paratively long  distances  on  tangents,  with  puH-oflEs  at  curv'es, 
and  easily  yielding  to  the  pressure  of  a  trailing  trolley.     This 


1907  SPRAGUE:  TRUNK-UNE  OPERATION  721 

is  the  practice  which  characterizes  not  only  direct-current 
trolley  operation,  but  has  also  distinguished  practically  all 
operation  abroad  where  single-phase  or  polyphase  currents  have 
been  used.  The  introduction  of  high  tensions  has,  however,  now 
made  it  necessary  to  provide  by  additional  supports  against  the 
possible  breakage  of  the  trolley-wire.  This  had  led  to  the 
introduction  of  catenary  construction,  the  catenary  being  either 
single,  and  supporting  the  trolley  at  frequent  intervals,  or 
double  to  prevent  lateral  swaying.     In  the  former  case,  the 


Fig.    17 — Oerlikon   trolley — over-contact 

trolley  is  only  partly  flexible,  and  in  some  cases  the  support 
has  been  supplemented  by  an  intermediate  catenary,  as  on  the 
Blankenese-Ohlsdorf  railway  (Fig.  9),  where  greater  flexibility  of 
the  trolley-wireitself  is  insured  by  loosely  suspending  it  from  the 
lower  member  of  the  catenary  instead  of  making  the  latter  the 
trolley-wire,  and  providing  for  varying  the  tension.  In  other 
cases  it  is  to  some  extent  maintained  by  having  less  frequent 
supports,  and  also  by  introducing  a  movable  part  at  the  sus- 
pender. 
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Fig.    18 — Oerlikon  trolley — under-contact 


as  to  give  the  utmost  rigiclity  to  the  whole  system,  the  intent 
being  to  maintain  the  trolley-wire  as  nearly  as  possible  in  one 
plane.  At  cross-overs  and  sidings  (Fig.  1 1)  the  supporting  triangles 
overlap,  and  the  angle  between  the  junction  and  the  trolley 
wires  is  filled  with  additional  conductors,  more  readily  to  insure 
safe  passage  of  the  vertically  moving  sliding  contact  which  has 
been  adopted.  At  intervals  of  about  two  miles  the  trolleys  are 
sectionalized  at  anchor-bridges,  (Fig.  12)  where  are  provided  the 
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necessary  switches  for  cutting  out  sections,  and  for  looping  to 
extra  supply  conductors. 

Among  the  innumerable  trolleys  which  were  tried  in  early 
days  was  a  roller  of  considerable  length,  mounted  at  the  end 
of  a  rod  having  a  vertical  telescopic  motion  in  a  tube  carried 
on  top  of  the  car,  and  pressed  against  the  wire  by  a  spring  in 
the  tube.  This  was  abandoned  in  favor  of  the  trailing  trolley 
which  would  more  readily  follow  variations  in  the  trolley-wire. 
The  modem  pantograph  is  an  elaboration  of  this  early  idea,  and 
has  a  very  much  greater  latitude  of  vertical  movement.  It  con- 
sists of  a  sliding  or  rolUng  contact,  which  forms  the  upper  member 
of  a  light,  yet  strong  collapsible  structure  maintaining  an  up- 
ward spring  pressure.  The  theory  of  this  system  of  collection 
is,  of  course,  that  a  locomotive  normally  moves  between  two 
parallel  planes,  on  one  of  which  it  runs  and  from  the  other  of 
which  it  collects  current,  and  that  the  ordinary  motion  of  the  con- 
tact will  be  inappreciable.  This  assumption  is,  however,  modified 
in  practice.  The  collectors  are  carried  normally  22  feet  above  the 
track  on  a  superstructure  (Fig.  7)  which  must  respond  in  some 
measxu-e  to  track  irregularities,  and  which  has*  considerable 
inertia  and  some  friction.  There  is  a  drag  because  of  friction 
against  the  trolley-wires,  and  wind-pressure  due  to  motion  of 
the  locomotive.  This  upward  pressure  must  necessarily  be 
changeable  because  of  variation  of  angle,  friction,  and  the  re- 
sultant motion;  to  maintain  contact  it  must  rise  and  fall. 
When  travelling  70  miles  an  hour  it  passes  supports  which  are 
more  or  less  rigid  nine  times  a  second,  and  between  these  sup- 
ports the  trolley-wire,  no  matter  what  the  tension,  will  be  con- 
vexed  upwards.  As  the  collector  approaches  any  suspender 
the  pressure  will  normally  considerably  increase,  and,  as  it  leaves, 
will  diminish.  The  practical  question  arises,  whether,  consider- 
ing all  the  forces  acting  on  it  and  its  inertia,  it  can  satisfactorily 
respond,  in  addition  to  other  requirements,  to  a  double  change 
in  vertical  direction  nine  times  a  second.  If  contact  depended 
upon  the  whole  structure  of  the  pantograph  moving  thus 
rapidly  some  trouble  might  be  anticipated,  but  possibly  the 
elasticity  of  the  upper  part  will  prove  sufficient. 

It  is  interesting  to  note  that  Mr.  Joseph  Mayer,  the  former 
chief  engineer  of  the  Union  Bridge  Company,  in  a  paper  read 
before  the  American  Society  of  Civil  Engineers,  and  also  in 
several  other  communications,  has  given  a  great  deal  of  thought 
to  the  question  of  overhead  construction,  and  has  made  elab- 
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orate  calculations  of  strains  involved.  His  conclusion  was  to  the 
effect  that  no  trolley  wire  put  up  under  high  tension,  and  sup- 
ported in  the  rigid  manner  pro^-ided  by  the  present  catenary, 
offered  either  a  sufficiently  safe  or  economical  method  of  con- 
struction, and  he  was  therefore  led  to  the  development  of  two 
departures  in  practice.  The  first  was  the  use  of  an  overhead 
rigid  iron  rod  1.25  in.  in  diameter,  suspended  by  catenaries, 
and  provided  with  extension- joints;  the  second  (the  first  method 
apparently  having  been  foimd  too  expensive)  is  a  method  of 
flexibly  supporting  a  trolley-wire  at  long  inter\'als  from  in- 
verted pivoted  suspenders  which  pro\4de  a  support  for  the  various 
section-lengths  according  to  the  end-sloj)e£  (Figs.  14, 15).  The  sus- 
pender grips  the  trolley  only  along  the  center,  and  then  it  opens 
out  in  large  radii  to  give  a  graduated  resistance  to  both  vertical 
and  lateral  deflection.  Mr.  Mayer's  analysis  of  conditions,  the 
mathematical  deductions,  and  his  proposed  remedies  as  illustrated 
by  his  detail  plans  well  merit  serious  consideration. 

An  ingenious  method  of  making  contact  with  an  overhead 
single  trolley-line  is  that  developed  by  the  Oerlikon  company  tmder 
the  direction  of  Mr.  Huber  (Figs.  16, 17. 18).  In  this  system  the 
trolley  is  stretched  with  comparative  rigidity  on  top  of  insulators 
supported  on  posts  alongside  the  track,  with  cross-overs  where 
needed.  In  place  of  the  ordinar}-  wheel  and  bow  trolleys,  a 
curved  hinged  arm  of  fair  length,  and  sweeping  over  nearly 
one  half  a  circle  in  a  plane  transverse  to  the  line  of  track,  is 
supported  on  insulators  on  the  side  of  the  car.  Normally,  this 
bow  rests  on  top  of  the  wire,  pressing  lightly  on  it,  and  thus 
avoiding  the  under  formation  of  icicles.  On  cross-overs  and 
in  tunnels,  where  the  trolley-wire  is  carried  over  the  track,  the 
arm  swings  toward  the  center  of  the  car.  and  is  depressed,  mak- 
ing contact  progressively  from  the  top  around  to  the  side  and 
then  underneath  the  trolley-wire.  In  addition,  the  saddle 
which  carries  the  bow  is  movable  laterally,  increasing  the  radius 
of  action,  Of  course  two  bows  can  be  used.  I  believe  that 
in  some  of  the  experiments  a  roller  has  been  tried.  Two  difficul- 
ties present  themselves;  one  the  fact  that  the  wire  is  pressed 
down  from  the  top,  the  strain  of  the  weight  being  added  to  by 
the  pressure  of  the  contact  bar,  which  can  be,  and  I  believe  has 
been  on  one  test  minimized  by  having  the  wire  supported  by 
and  above  two  catenaries,  just  the  reverse  of  the  New  Haven 
practice ,  the  other  objection  is  that  at  cross-overs  the  trolley- 
wire  is  very  close  to  the  top  of  the  cai. 
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The  system  is  somewhat  similar  to  one  originally  proposed 
in  my  earlier  trolley  work,  where  two  vertical  rollers  with  uni- 


versal flexible  support  made  contact,  one  on  each  side  of  a  trolley- 
wire,  and  at  crossings  one  was  deflected  below  it.  This  was  not 
put  into  practice. 
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Fio.  i;0— Details  of  V.';:gis  and  Sprague  protected  thixd-rail 


;jrcatly  varying  conditions.  A  large  proportion  of  these  roads 
have  u,v;d  tlie  ordinary  type  of  top-contact  rail,  carried  by 
insulators  on  the  tics,  sometimes  entirely  exposed,  and  again 
partly  jjuarrjcd  by  side  boards,  as  on  the  Manhattan  Elevated, 
or  by  a  wooden  shield  carried  by  yokes  from  the  rail  itself, ason 
the  Interborough.     While  this  is  the  simplest  form  of  third-rail 
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construction,  and  has  given  good  service  for  years,  it  has  certain 
disadvantages.  If  exposed,  it  is  a  constant  menace,  especially  in 
yards ;  and  even  when  guarded  it  cannot  be  wholly  protected  from 
snow  and  ice.  The  lower  part  is  only  about  four  inches  above 
the  tie,  while  the  holding-clips  generally  used  reduce  even  this 
clearance,  so  that  the  danger  of  grotmding  from  accumulation  of 
wet  snow  and  ashes,  and  from  flooding,  is  increased.  In  the  lat- 
ter case,  over-all  flooding  has  the  whole  rail-surface  for 
leakage. 

These  various  objections  led  to  the  abandonment  of  the  top- 
contact  rail  in  connection  with  the  New  York  Central  work,  and 
the  development  by  Mr.  Wilgus  and  myself  of  a  new  type — ^an 
under-contact  sheathed  rail — supported  by  insulators  from 
brackets  carried  on  the  ties,  and  with  the  body  of  the  rail  about 
nine  inches  clear  (Figs.  20-29) .  The  results  have  been  so  satisfac- 
tory that  this  type  of  rail  has  been  adopted  for  the  285  miles  of 
trackage  imder  electrification,  as  well  as  on  a  number  of  other 
roads.  It  differs  from  the  top-contact  rail  in  that  it  affords  far 
greater  safety,  more  certainty  of  continuous  operation,  and  can 
be  used  with  higher  potentials. 

The  structure  consists,  briefly,  of  a  series  of  iron  brackets 
carried  on  the  ties,  to  the  tongued  vertical  face  of  which  are 
clamped  non-charring  moisture-proof  insulator-blocks  which 
loosley  embrace  the  head  of  the  rail.  Intermediate  between  the 
insulators  the  rail  carries  an  insulating  sheathing,  which  em- 
braces the  head  and  reaches  down  nearly  to  the  bottom  face 
of  the  rail,  but  extends  outward  from  the  web  to  form  a  petticoat 
protection  against  snow  and  sleet. 

The  position  of  the  rail  depends  primarily  upon  the  clearance 
requirements.  To  meet  those  of  ordinary  tnmk-line  rolling 
stock,  the  bracket-height  is  made  so  that  the  tmder-contact 
surface  of  the  third-rail  is  2.75  in.  above  the  surface  of  the 
traffic  rail,  and  the  center  of  the  rail  27.25  in.  from  traffic  rail 
gauge  line  (Fig.  22).  On  account  of  using  the  under-contact,  the 
body  of  the  rail  is  of  course  considerably  higher  from  ties  and 
ballast  than  that  common  in  top-contact  rail  construction,  being 
about  five  inches  more. 

On  crossings,  the  horizontally  extending  flipper-shoe,  pressed 
upwards  by  a  spring,  lifts  and  clears  the  traffic  rail  by  a  fairly 
safe  margin.  At  switches,  to  accommodate  the  lateral  dis- 
placement of  a  locomotive  when  taking  the  siding,  while  not 
reducing  the  clearance  from  the  protective  sheathing  on  the 
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ar.'I  f'U'\',  v./ji^  y\.ii  h^-a'l  of  the  rail.  anJ  the  other  two,  attached 
to  an^I  (Uy*:U'lf:T.i  from  it.  rea..hine  in  towards  the  web  ofthc 
fail.  Whr  -c  ycMy]  wrxxl  IS  not  available,  an  alternate  protection. 
ro-  ?ir,;^  aly>ut  the  same  and  bavin;:  a  hijher  electrical  resistance, 
al*lio'j;'h  not  q-jite  so  c(''/^^l  a  mechanical  one,  is  a  semi-flexible 
fcli'II  of  in^^'irated  fibre  conformed  to  the  rail-section. 

To  ;'et  tfje  hi;d,est  protection  ly/.h  mechanically  and 
ele«lrifally,  the  two  methods  of  sheathing  can  be  used,  or 
in  [*h'ir  e  of  the  inner  sheatliin^'  of  indurated  fibre  the  wood  sheath- 
ing' <  an  be  carried  sli^'htly  removed  from  the  rail-surface  by  non- 
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hygroscopic  saddles;  this  leaves  an  air-space  between  the  wood 
and  rail,  prevents  warping,  and  affords  the  necessary  physical 
support  for  rigidity. 

At  passenger  stations,  where  special  precaution  may  be  deemed 
advisable,  and  in  freight  yards,  the  double  protection  can  be 
used,  and  any  required  thickness  of  insulation  adopted  without 
reducing  clearances  by  reducing  the  cross-section  of  the  rail  at 
these  points.  The  conductivity  will  of  course  be  made  up  by 
the  number  of  rail-circuits  in  parallel  at  these  points. 


Pig.  24 — Protected  third-rail  on  4-track  division,  New  York  Central 


This  protection  is  of  such  character  that  passengers,  as  well 
as  employees  in  the  normal  discharge  of  their  duties  are  well 
protected.  In  sleet-storms  none  reaches  the  contact  surface, 
small  icicles  only  forming  at  the  edge  of  the  petticoats,  and 
these  are  easily  broken  off  by  the  passing  shoe. 

Of  course  there  is  no  packing  of  snow  between  protection  and 
contact  rail,  and  the  increased  distance  from  the  ground  reduces 
the  tendency  to  leakage.  An  accidental  advantage  is  a  reduction 
of  the  tendency  to  creep  and  buckle  because  of  less  abrupt  and 
wide  changes  in  temperature. 
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-Third-rail  recon>truc*.ion  after  wreck 


system  under  strain,  and  where  permanency  is  desired  and  high 
potentials  are  used  it  must  be  carried  by  one  oi  morecatenary 
cables,  whi(  h  on  roads  of  hi^^h  curvature  makes  the  construction 
more  diffic  ult.  Its  ali^^nment  in  the  latter  case  does  not  corres- 
pond with  the  line  of  track,  and  as  ordinarily  constructed  it  is 
subject  to  extreme  variations  of  tension  on  account  of  weather 
chan^^f'S. 

The  third-rail  offers  some  hindrance  to  the  ordinary  main- 
tenance of  track;  but  overhead  construction  is  inelastic,  and  the 
laying  of  adrlitirmal  tracks,  or  changes  in  grades  or  alignment 
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require  radical  and  expensive  alterations  or  additions  in  perma- 
nent overhead  structures. 

Derailments  will  crush  one  form  of  conductor  to  the  grotmd, 
forming  a  short-circuit  which  will  cut  off  the  section ;  but  they 
may  also  knock  down  the  supporting  structures  of  the  other, 
and,  where  there  is  a  plurality  of  tracks,  put  them  all  out  of 
service. 

In  wrecking,  the  third-rail   offers  some  obstruction   to  the 


Fig.  26 — Details  of  Wilgus  and  Sprague  Protected  third-rail  on  Phila- 
delphia Rapid  Transit   Railway 


throwing  of  the  equipment  to  one  side;  but  on  the  other  hand, 
overhead  conductors  may  interfere  with  the  operation  of  the 
crane-booms  of  the  wrecking  car. 

Where  there  are  two  or  more  tracks  snow  cannot  be  piled  up 
between  them  if  the  third-rails  are  located  there;  but  on  the 
other  hand,  overhead  conductors  are  a  source  of  danger  to  train 
men,  to  snow-shed  and  tunnel  repairers,  and  in  the  open  are 
subject  to  troubles  of  sleet  formation. 
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Vrjt  irAri'T^dl  iri7,  cftentirnes  he  cryrcz^  ^^h  snow,  but  \s 
un2L5tf,Xed  bv  sleet.  Verv  I'nyc^^i^'r,  tests  nia-ie  in  cotiiiectiixi  with 
the  S^rv  Y^rk  Central  work  sh'.,w  satisfactcrr  opexatioo,  not 
or/.v  in  sle^t-itorrn.-  biit  xith  ir.e  rail  z^^.ed  in  snow.  Addi- 
tional depth  s?.>'-:li  not  aid  mtich  difictilty.  With  regard  to 
fro^  and  swiv/nes,  there  are  no  problems  which  cannot  be 
K/lved  with  this  type  of  third-rail,  with  an  occasional  overhead 
icctioti,  and  any  re^/-:red  amotint  of  power  can  be  collected  at 
operative  speeds. 

On  w^t^m  roads  where  a  rotary  siow-plotigh  is  used,  over- 


lu,    1^7  — Protected     thiri-rail     su«^per.*J*-d     from     above.     Philadelphia 
K  xpid  Transit  Railway 


head  conductors  and  the  supporting  insulators,  especially  in 
yards,  will  be  suh>ject  to  a  heavy  bombardment  of  snow,  ice,  and 
refuse,  with  possible  resultant  breakage,  and  the  under  ^ides  of 
the  umbrellas  of  the  insulators  will  be  often  filled  up  with  wet  snow. 
As  to  dani^er  to  passengers  or  employees,  this  is  largely 
overcome  where  the  under-contact  third-rail  is  properly  protected, 
and  is  flfsi;^ned  with  due  regard  to  equipment  clearances.  With 
an  ovcriicad  high-tension  trolley,  there  is,  on  trunk  railways, 
where  there  are  overhead  street  or  highway  bridges,  tunnels,  and 
snow-sheds,  great  possibilities  of  danger  because  of  rearing 
equipment  in  case  of  derailments  or  collision,  and  the  physical 
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necessity  of  often  bringing  the  trolley  within  a  short  distance  of 
the  cars. 

Then  there  are  corrosion  and  soot  deposits  when  steam  and 
electric  operation  are  maintained  over  the  same  track.  Where 
the  steel  supporting  bridges  also  carry  signals,  as  is  proposed 
in  some  cases,  there  is  increased  danger  to  men  engaged  in 
cleaning,  painting,  or  repairing  overhead  structures.  3ind  taking 
care  of  signals;  and  when  spanning  two  or  more  tracks  there  is  a 
possible  interception  of  the  train  operator's  view  of  signals 
because  of  dips  in  the  railroad  grades  bringing  overhead  bridges 


Fig.  28 — Protected  third-rail  after  sleet  storm 

in  front  of  the  semaphores,  which  Ukewise  may  be  made  less 
distinctive  if  they  have  truss  members  for  a  background. 

In  the  matter  of  inspection,  that  of  the  third-rail  can  probably 
be  carried  on  by  the  regular  section  hands,  and  ordinary  repairs 
made  without  interfering  with  traffic.  Repairs  of  an  overhead 
system  on  a  main  trunk-line  present  some  special  difficulties. 
It  will  often  require  judgment  and  experience  to  determine  just 
where  trouble  may  exist,  and  in  any  case  that  particular  section 
of  the  line  must  be  absolutely  cut  out  and  made  dead.  If  the 
repairs  be  other  than  at  a  rigid  cross-suspension,  it  would  seem 
that  they  would  have  to  be  made  from  the  top  of  a  structure, 
running  on,  and  for  the  time  being    occupying  the  rails,  and 
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propelled  by  its  own  power.  The  old  practice  common  to  street 
overhead  trolleys  is  of  course  unavailable;  there  a  construction 
wagon  can  drive  on  to  the  track  and  off  again  at  will,  and  the 
line  even  while  alive  can  be  readily  repaired,  but  a  practice 
possible  with  600  volts  would  probably  be  fatal  when  attempted 
with  the  very  high  potentials  now  obtaining  in  single-phase 
operation. 

In  this  latter  system  it  seems  vital  in  the  interests  of  general 
safety  that  every  crossing  bridge,  and  every  supporting  structure 
should  be  mechanically  and  permanently  connected  with  the 


Fig.  29 — Pi-otected  third-rail  buried  in  snow 


return  circuit  of  the  rails,  to  avoid  the  possibility  of  such  struc- 
tures being  in  partial  or  complete  contact  with  the  overhead 
conductors  and  not  absolutely  grounded,  and  at  all  crossings 
and  highways  both  the  catenaries  and  the  troIley-wire  should 
he  thoroughly  shielded  from  cither  accidental  or  wilful  inter- 
ference. 

The  time-honored  tickler  in  universal  use  on  steam  railways 
to  warn  freight  brakemen  of  the  proximity  of  highway  crossings, 
bridges,  and  tunnels  seems  unavailable  with  an  overhead  system; 
because  if  it  did  not  catch  in  the  pantograph  collector  it  would 
be  an  ever  present  menace  not  only  in  wet  but    also   in   dry 
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weather,  because  of  the  possibility  of  it  coming  in  contact  with 
the  overhead  line. 

Where  single-phase  alternating  currents  are  used,  the  mag- 
netic and  static  inductive  effects  on  telephone  and  telegraph 
circuits  cannot  be  ignored,  nor  the  danger  of  interference  with 
signal  systems  disregarded. 

The  attitude  of  city  authorities  may  in  time  raise  effective 
obstacles  to  the  use  of  overhead  wires  except  where  all  crossings 
pass  beneath  the  line  of  the  road,  ajid  will  I  think,  ultimately 
require  new  third-rail  construction  to  be  fully  protected — even 
although  on  a  private  right  of  way. 

Relative  direct-current  potentials  in  overhead  trolley  and 
third-raiL  Now  that  the  improvements  in  direct-current 
motor  construction,  not  only  those  promised  but  those  actually 
accomplished,  have  made  it  possible,  quite  irrespective  of  what 
may  be  done  with  alternating-current  motors,  to  use  much 
higher  potentials  than  ordinary — not  of  course  as  high  as 
those  available  in  single-phase  alternating-current  systems — 
the  question  sometimes  arises:  Will  not  the  permissible  potential 
be  high  enough,  taking  into  account  certain  other  facts,  to  meet 
in  large  measure  the  demands  of  railroad  operation,  whether  by 
overhead  or  third-rail? 

Engineers  have  generally  proceeded  on  the  assumption  that  the 
use  of  a  sufficiently  high  potential  for  practical  purposes  is  possible 
only  with  overhead  conductors.  In  the  Siemens-Schuckert  installa- 
tion at  Mazieres,  (Fig.  30)  where  2000  volts  direct  current  a  re  used 
the  current  is  taken  from  two  trolley-wires  of  like  potential  sup- 
ported by  cross-wire  catenaries  from  side  poles  of  the  same 
construction  as  is  commonly  used  to  carry  the  warning  tickler. 

Again,  the  third-wire  system  has  been  proposed,  as  on  the 
Krizik  road,  and,  on  a  recent  installation  with  many  grades  and 
heavy  tunnels  in  the  Iselle  mining  district  in  France,  where 
two  overhead  trolley- wires  are  used  at  2400  volts,  with  the 
track  as  a  neutral,  and  with  the  motors  grouped  in  series  of  two, 
current  being  supplied  by  two  Thury  generators  in  series  and 
grounded  in  the  middle. 

A  comparison  of  potential  relations  giving  the  same  losses 
on  three  systems  is  interesting.     The  systems  are: 

1.  Three- wire,  with  2  No.  0000  trolleys,  and  75-lb.  bonded 
single  track. 

2.  Two-wire,  with  same  trolley-wires  and  track-return. 

3.  Third  rail,  70-lb.  special,  and  with  same  track-return. 
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The  following  table  gives  the  comparisons: 


Resistance 

per  double 

mile 

Ratio  of 
Resistance 

System 

VRatio 

Comparative 
Voltages 

No.  1 

0.52  ohms 

6.6667 

2.58 

2400    3100 

No.  2 

0.165    " 

2.1154 

,    1.45 

1350     1740 

No.  3 

0.078    " 

1.0000 

1.00 

930     1200 

.On  such  a  showing  there  is  little  excuse  for  departing  from 
the  lower  potentials  and  the  simpler  systems,  and  being  handi- 
capped with  the  higher  voltage  problems  and  complication  of 
switches  in  the  three-wire  system.  If  any  smaller  trolley-wire 
be  used,  then  the  disparity  between  No.  1  or  No.  2,  and  No.  3 
would  be  emphasized. 

The  relation  of  potentials  indicated  in  this  table  raises  the 
question  whether,  in  view  of  the  disparity  of  current  con- 
ducting capacity  between  an  overhead  system  and  the  third- 
rail,  it  is  not  also  possible  that  a  sufficiently  high  potential  can 
be  used  on  the  latter  if  from  a  practical  railroad  standpoint  the 
balance  of  advantages  and  objections  should  be  enough  in 
its  favor  to  warrant  its  material  extension. 

Some  time  ago  I  stated  that  in  my  opinion  it  was  practicable 
to  operate  at  double  the  ordinary  potentials  with  a  properly 
protected  under-contact  sheathed  third-rail.  I  am  glad  to  be 
now  able  definitely  to  announce  that  it  seems  possible  to  con- 
struct and  operate  at  these  increased  potentials  with  a  degree 
of  safety  hitherto  deemed  doubtful.  The  details  of  the  par- 
ticular construction  necessary  must  for  practical  reasons  be 
withheld  for  the  present. 

Early  alternating-current  proposals.  In  all  the  discussion 
concerning  direct-current  and  alternating-current  systems,  it 
should  be  kept  in  mind  that  the  proposal  to  operate  electric 
railways  by  single-phase  alternating  currents  directly  is  not  a 
novelty,  but  has  had  its  ardent  advocates  for  a  good  many  years. 
The  late  Charles  Van  Derpoele  was  one  of  the  earliest  to  propose 
this  plan;  Mr.  Ward  Leonard  has  for  15  years  advocated  the  use 
of  a  single-phase  trolley  supplying  a  motor-generator  to  operate 
direct -current  motors,  a  plan  often  now  repeated ;  and  Mr.  Arnold 
attempted  the  solution  by  the  combination  of  a  single-phase 
motor  operated  in  conjunction  with  a  pneumatic  engine.  The 
Siemens  &  Halske  company  conducted  the  elaborate  and  costly 
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high-speed  Zossen  experiments,  and  the  Ganz  company  have 
been  indefatigable  workers  in  the  polyphase  field,  their  Val- 
tellina  and  Simplon  Tunnel  installations  deservedly  command- 
ing widespread  attention.  Finzi,  Winter,  Eichberg,  La  Tour, 
and  others  have  developed  the  compensated  repulsion  type 
of  single-phase  motor,  and  committed  themselves  to  its  future. 
Lamme,  Steinmetz,  and  our  American  manufacturers  have 
essayed  the  solution  with  the  compensated  series  type,  at 
first  with  25  cycles,  and  some  now  favoring  15  cycles  or 
less. 

It  is,  therefore,  incorrect  to  say  that  the  development  is 
entirely  a  modem  one  while  that  of  the  direct-current  motor 
has  extended  over  a  number  of  years,  for  that  statement  is  mis- 
leading. Where  a  score  of  men  were  active  in  direct-current 
development  in  the  earlier  days,  handicapped  by  lack  of  knowl- 
edge and  experience,  to-day  the  efforts  of  himdreds  of  highly 
trained  men,  with  all  the  resources  of  great  capital  and  manu- 
facturing establishments,  have  been  assiduously  directed  to- 
wards solving  the  single-phase  problem.  I  think  it  is  safe  to 
say  that  there  is  little  in  its  possibilities  which  has  not  for  some 
time  been  fairly  well  known,  and  which  could  not  be  predicated 
very  closely  by  theoretical  investigation.  Xor  can  I  repress 
the  feeling  that  the  same  amount  of  energy,  money,  and  zeal 
spent  on  higher  potential  direct -current  developments  will 
produce  some  remarkable  results. 

Fifteen-cycle  operation.  The  principal  object  sought,  and  cer- 
tainly a  most  desirable  one  in  the  use  of  higher  potentials, 
whether  direct  current  or  alternating  current,  is  not  now  so 
much  reduced  cost  of  working  conductors  on  a  trunk-line 
system — for  practice  has  shown  that  this  cost  is  not  materially 
affected — ^but  lessened  feeder  investment,  increase  of  sub- 
station distances,  reduction  of  total  sub-station  capacity,  and, 
in  the  single-phase  system,  the  abolition  of  moving  machinery 
in  the  sub-stations. 

The  raising  of  the  potential  on  direct-current  equipments  will 
not  be  without  some  objections,  not  so  much,  as  I  have  indi- 
cated, in  the  actual  construction  or  use  of  the  third-rail  or  the 
overhead  trolley,  nor  because  of  difficulties  in  the  matter  of 
commutating  and  grounding,  but  rather  on  accoxmt  of  some  re- 
duction of  capacity  because  of  less  slot  and  winding  efficiency 
where  the  motors  are  individually  constructed  for  the  higher 
potentials,  this  feature  being  less  important  if  two  machines  are 
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Operated  in  series.  The  controlling  systems  present  some  added 
difficulties,  but  nothing  insuperable. 

The  degree  of  success  of  the  alternating-current  development 
will  depend  primarily  on  the  development  of  capacity  and  all- 
round  operative  features  in  single-phase  locomotive  and  car 
equipments.  The  25-cycle  motor  (hitherto  the  only  frequency 
actually  installed  for  single-phase  equipments) ,  whether  judged 
by  individual  comparison  or  specific  equipments,  as  I  have 
already  illustrated,  or  the  general  testimony  of  electrical 
engineers  of  manufacturing  companies,  has  proved  inadequate 
when  compared  with  its  rival.  To  correct  this  defect  it  has 
been  proposed  to  adopt  15  cycles  as  a  standard  of  operation. 

This  number  of  cycles  has  been  imder  consideration  for  some 
time.  It  is  successfully  used  by  the  Ganz  company  in  its  poly- 
phase installations,  it  has  been  proposed  in  this  country  by  the 
General  Electric  and  Westinghouse  companies  for  important 
work,  and  has  lately  been  urged  as  a  standard  by  a  number  of 
engineers. 

Considered  solely  from  the  standpoint  of  the  series  com- 
mutator type  of  railway  motor,  a  reduction  from  25  to  some 
lower  compromise  number  of  cycles — 15  if  you  please — has 
certain  distinct  advantages ;  for  it  should  make  possible  the  use  of 
higher  field  induction,  larger  air-gap,  higher  armature  potential, 
slower  armature  speed,  and  less  sparking — all  making  for  in- 
crease of  motor  capacity  for  any  given  weight,  and  affording 
greater  mechanical  freedom  in  construction  and  operation. 
It  likewise  increases  the  capacity  of  trolley  and  track  circuits, 
and  raises  the  power-factor  both  of  the  line  and  the  motor;  but 
against  this  is  an  unavoidable  increase  in  the  weight  of  trans- 
formers, which,  according  to  such  facts  as  I  have  at  hand,  about 
offsets  the  saving  in  motor-weight.  It  appears,  then,  that  the 
total  weight  of  single-phase  apparatus  on  a  car  for  a  given  ca- 
pacity is  approximately  the  same  w^ithin  a  very  wide  range 
of  variation  of  the  number  of  cycles.  There  are,  in  addition, 
special  objections  in  the  matter  of  turbine  and  generator  con- 
struction, as  well  as  in  other  directions. 

It  is  difficult  to  establish  exact  companson  of  eqiiipment 
weights  unless  one  personally  conducts  tests,  or  has  com- 
plete technical  reports  which  have  been  made  on  identical 
bases;  but  the  following  table  is  one  comparison  of  early  esti- 
mated weights  of  complete  equipments  of  two  recent  typical 
types  of  like  nominal  capacity. 
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Weight  of  A-Motor  Alternating-Current  Equipments, 

Motor A  B 

Cycles 15  25 

Nominal  capacity  per  motor 75  h.p.  75  h.p. 

Individual  Weights: 

Armature 1333  lb.  1146  lb. 

Field 2414   "  2646   « 

Gear,  case,  and  pinion 398   "  407   " 

Total  Motor 4145  «  4199   « 

Car  Equipment: 

4  Motors 16580  lb.  16796  lb. 

Transformer-and  rheostat 6750  "  4325  " 

Controller  and  adjuncts 1000  "  1200   " 

Trolley 500  «  500  « 

Wiring,  switches,  etc.  (?) 1950  "  1239   " 

26780   «  24060   « 

Excels  A  over  B 2720  " 

These  totals  are  not  final  in  either  case,  for  the  individual 
motor  weights  of  each  type  will  very  likely  be  increased  from 
300  to  450  lbs.  in  regular  manufacture.  But  allowing  for  such 
changes  and  corrections  as  seem  reasonable,  not  only  is  no  actual 
saving  in  A  over  B  probable,  but  the  excess  of  nearly  a  ton  and  a 
half  against  the  15  cycle  equipment  will  remain  in  some  makes. 
On  the  other  hand,  the  manufacturers  of  B  hope  to  show  about 
10%  total  saving  in  the  weight  of  a  15  cycle  equipment,  but  this 
hope  is  based  upon  theoretical  estimates,  not  actual  performance. 

On  other  sizes  it  is  probable  that  these  relative  differences  will 
vary  somewhat,  but  a  comparison  of  the  weight-coefficients  of 
large  15  cycle  motors  and  direct  current  motors  of  like  weight 
show  a  ratio  of  two  to  one  in  favor  of  the  direct  current  machine. 

Motor  and  locomotive  constructions.  Motors  are  of  the 
geared  and  gearless  types,  may  be  entirely  separate  tmits  or 
partly  integral  with  the  truck-frame,  and  may  be  wholly  or 
partly  spring-supported.  Locomotive  designs,  influenced  in 
part  by  the  type  of  motor  adopted,  show  a  great  variety  of 
constructions,  and  may  be  very  generally  classed  as  rigid  frame 
with  all  weight  on  the" driving  axles  and  without  leading  trucks; 
rigid  frame  with  either  single  axle  or  bogie  leading  trucks; 
and  bogie-truck  locomotives,  the  bogies  being  pivoted  under 
the  cab,  and  sometimes  linked  together. 
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On  all  multiple-unit  trains,  except  such  as  are  designed  for 
very  high  speed,  in  which  case  there  is  a  possibility  of  a  gearless- 
motor  development,  the  standard  method  of  motor-mounting 
I  introduced  on  the  Manhattan  Elevated  Railway  in  1886,  and 
which  has  been  in  vogue  ever  since,  bids  fair  to  continue.  It 
provides  for  centering  the  motor  and  carrying  a  part  of  its 
weight  upon  the  driven  axle,  to  which  it  is  connected  by  any 
required  ratio  of  gearing,  the  other  end  being  flexibly  suspended 
from  the  truck  above  the  side  springs. 

Up  to  capacities  of  250  h.p.,  about  the  limit  required  and 
permissible  for  motor-car  equipment,  single  driving  on  one 
end  can  be  used ;  but  when  this  type  of  motor  is  built  for  larger 
sizes,  in  connection  with  locomotives,  it  seems  almost  necessary 
to  provide  for  gear-driving  at  each  end,  which  presents  some 
difficulties  in  construction.  To  overcome  these,  the  introduction 
of  a  spring  has  been  proposed,  but  the  use  of  an  adjustable  gear 
rim  seems  preferable. 

To  reduce  the  dead  weight  on  the  axle,  one  of  the  French  rail- 
ways some  years  ago  centered  the  motor  on  a  quill  which  sur- 
rounded, but  was  supported  clear  from  the  axle,  connection 
being  made  from  the  quills  to  the  drivers  through  springs. 

The  rigid  wheel-base  type  of  locomotive  without  leading 
trucks  is  illustrated  by  an  direct-current  machine  built  tmder 
the  direction  of  some  associates  and  myself  a  ntmiber  of  years 
ago  for  experimental  work  on  one  of  the  lines  running  out  of 
Chicago,  and  also  by  one  class  of  double-unit  locomotives  which 
has  been  frequently  proposed  by  various  companies  for  single- 
phase  alternating-current  operation. 

The  former,  (Fig.  3)  of  1,000  h.p.  capacity,  had  four  axles,  on 
each  of  which  was  mounted  the  armature  of  a  gcarless  motor,  the 
field-magnets  being  attached  to  the  axle-boxes.  To  insure  equal 
duty  on  motors,  and  the  maximum  tractive  effort  for  its  70  tons 
of  weight,  the  drivers  were  coupled  together  and  quarter- 
cranked,  the  connecting  rods  being  balanced.  The  controller 
was  operated  by  an  air  cylinder,  and  follo\/ed  in  time  and  degree 
the  motion  of  a  pilot  lever. 

Each  half  of  the  double-unit  locomotive  shown  (Fig.  31)  has 
three  axles,  to  each  of  which  is  geared  an  alternating-current  motor, 
after  the  usual  fashion.  Each  section  has  a  rigid  wheel-base  of 
about  12.5  ft.,  and  weighs  from.  65  to  70  tons,  making  a  total 
weight  of  from  130  to  140  tons  for  a  unit  having  a  rated  capacity 
of  about  1500  h.p.  with  forced  ventilation. 
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An  analysis  of  the  action  of  a  locomotive  demonstrates  beyond 
question  that  this  general  type  of  machine,  that  is,  one  having  a 
rigid  frame  and  no  guiding  trucks,  is  limited  to  moderate  speeds, 
and  would  be  tmsafe  if  operated  at  high  speed  on  a  road  with 
much  curvature  and  special  work.  Notwithstanding  the  fact 
that  it  has  been  strenuously  advocated,  even  recently,  I  think 
this  particular  type  will  not  find  favor  among  the  railroad  men, 
and  it  is  already  practically  abandoned  in  the  proposals  of  the 
manufacturers,  in  favor  of  a  bogie-truck  type,  or  an  articu- 
lated type  comprising  two  rigid  frames  with  leading  trucks 
at  each  end  of  the  complete  unit.  It  is  also  proposed  to 
carry  the  geared  motors,  centered  on  a  spring-connected  quill, 
directly  over  the  main  driving-axles,  and  to  support  the  entire 
motor  by  springs  from  the  locomotive-frame. 

Particular  interest  naturally  centers  upon  the  distinctive  types 
of  locomotives  installed  on  four  important  railway  systems,  the 
Valtellina  and  the  Simplon  Tunnel  in  Switzerland,  the  New  York 
Central,  and  the  New  York  and  New  Haven,  w^hich  well 
illustrate  three  of  the  principal  methods  of  construction  de- 
veloped to  meet  the  demands  of  different  electrical  systems. 
I  will  briefly  describe  each,  as  well  as  make  some  comment  upon  a 
fev7  of  the  many  other  types  recently  proposed. 

As  illustrating  a  high  order  of  electrical  and  mechanical 
engineering,  the  work  of  the  Ganz  Company  merits  special  men- 
tion; for  it  is  undoubtedly  true  that  the  present  status  of  the 
polyphase  system,  which  stands  on  a  favored  plane  with  many 
Italian  engineers,  is  owing  almost  entirely  to  the  efforts  of 
this  company. 

The  polyphase  motor  locomotives  (Fig.  6)  built  for  the  Valtellina 
Railway  and  for  the  Simplon  Tunnel  are  strikingly  individual 
in  their  construction.  The  axle  mounting  of  motors  is  abandoned, 
the  motors  being  entirely  separate  units  mounted  on  the  loco- 
motive frame,  and  coupled  to  each  other  and  the  62-inch  driving 
wheels  through  an  ingenious  combination  of  connecting-  and  side- 
rods.  Of  the  three  pairs  of  main  drivers,  the  middle  only  is 
joumaled  in  the  main  frame,  each  end-pair  being  joumaled  at 
one  end  of  a  pivoted  guiding  truck,  at  the  outer  end  of  which  are 
guiding  wheels  about  one  half  the  diameter  of  the  driving  wheels. 
The  end  drivers  have  a  limited  end  play,  and  one  king  bolt  has  a 
similar  freedom  of  movement,  while  the  other  is  fixed,  resulting 
altogether  in  great  freedom  of  adjustment  to  track  curvature. 
The    two    motors,    spring-supported    through    the    locomotive 
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frame,  are  each  quarter-cranked,  and  connected  to  side-rods 
having  downwardly  projecting  jaws  which  loosely  engage  the 
driving  pins  of  the  middle  drivers,  the  centers  of  which  are  some- 
what below  the  centers  of  the  motors.  On  each  side  of  the  jaws 
of  the  side-rod  are  coupled  the  connecting-rods  of  the  outer 
drivers,  provision  being  made  in  all  bearings  for  the  necessary 
freedom  of  movement  and  adjustment. 

In  an  earlier  type,  the  locomotives  were  equipped  with  two 
sets  of  twin  motors  for  high  and  low  tension,  the  low  tension  to 
be  operated  in  cascade  relation  to  get  slow  speed  in  starting  and 
for  running  on  grades,  then  to  be  cut  out  and  the  regular  running 
to  be  with  the  high-tension  motors  alone.  In  the  latest  ma- 
chines the  twin-motor  construction  has  been  abandoned,  and  the 
locomotives  are  equipped  with  two  15-cycle  high-tension  poly- 
phase motors,  one  having  8  and  the  other  12  poles,  and  an 
arrangement  of  field-circuits  in  the  latter  machine  such  that  it 
can  be  temporarily  made  a  low-tension  motor  operated  in 
cascade  relation  with  the  other.  This  combination  permits  of 
three  regular  operating  speeds  of  about  16,  26,  and  40  miles  per 
hour.  At  the  lowest  speed  the  motors  are  in  cascade  relation, 
with  high  draw-bar  pull ;  at  middle  speed  tl  .c  12-pole  motor  is  in 
operation  alone  on  high  tension ;  and  at  the  highest  speed  the  8- 
pole  motor  is  used  alone,  likewise  on  high  tension.  Of  course, 
the  physical  connection  of  the  two  motors  together  and  to  all 
drivers  makes  this  method  of  operation  possible.  The  rated 
capacity  of  the  motors,  as  given  by  Valatin,  is  extraordinarily 
high,  that  with  the  12  poles  being  stated  as  1200  h.p.  and  that 
with  8  poles,  1500  h.p.,  based  upon  the  one-hour  rise  of  tempera- 
ture to  75  degrees.     The  motors  average  about  13  tons  each. 

The  use  of  connecting-rods  in  this  locomotive  is  not  as  ob- 
jectionable as  the  use  of  the  driving-  and  connecting-rods  in  a 
steam  locomotive,  because  the  strains  are  very  different,  and  the 
rotative  weights  can  be  far  more  perfectly  balanced.  It  can  be 
fairly  said  to  have  the  advantage  that  with  the  minimum  pos- 
sible weight  of  locomotive  there  is  no  such  thing  as  slipping  an 
individual  wheel,  a  trouble  which  will  occur  at  times  with  all 
locomotives  having  independently  driven  axles  if  equipped  with 
powerful  enough  motors,  because  of  variation  in  motor  character- 
istics, track  and  wheel  conditions,  and  unequal  wheel  pressure 
caused  by  the  drawbar  pull. 

Almost  the  entire  weight  of  the  locomotive  is  spring-borne, 
and  the  behavior  of  the  machine  on  curves,  even  at  high  speeds, 
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ought  to  be  very  satisfactory.  The  same  general  construction 
would  lend  itself  very  effectively  to  the  application  of  high- 
tension  inter-pole  direct-current  motors,  and  may  be  very 
seriously  considered  in  this  connection. 

The  general  characteristics  of  the  New  York  Central  type  of 
locomotive  (Fig.  4) ,  the  Batchelder  machine  as  developed  by  the 
General  Electric  Company,  is  pretty  generally  understood,  and  my 
description  will  be  limited.  It  consists  essentially  of  a  heavy 
steel  frame  in  which  are  joumaled  four  main  axles,  and  which  is 
terminated  by  pivoted  single-axle  ponies  provided  with  spring 
resistance   against   deflection    from   the  central  position.     The 


Fig.  32 — Armature  of  bipolar  direct -current  motor 


motors  are  the  gearless  type,  the  armatures  being  mounted 
directly  on  the  axles,  (Fig.  32)  and  the  bi-polar  field-magnets  form- 
ing an  integral  part  of  the  main  frame ;  they  are,  therefore,  carried 
with  it  by  the  equalizing  springs,  and  have  free  motion  relative 
to  the  armatures.  In  addition  to  the  regular  truck  frame,  an 
additional  path  is  provided  for  the  magnetic  flux,  which  passes 
through  all  the  armatures  and  field  poles  in  series,  by  a  heavy  bar 
extending  the  length  of  the  frame,  and  carried  above  the  motors. 
Being  of  the  two-pole  type,  (Fig.  33)  and  with  a  quadrant  wind- 
ing, the  motors  are  extraordinarily  free  from  sparking  tendencies ; 
in  fact,  they  are,  structurally,  natural  1200-volt  machines,  al- 
though only  wound  for  present  operation  at  650.     So  marked  is 
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FiO    /f'^    -iy/T.yyryl.T.'xl  V;',*,;of.  —  o.v/l^ir  d:rv-c*--<.:irrerA  motor. 


t]fr\uy^  ff/riU'/Xvn»',,  ii\\wry/\.  a!!  thf;  v/eij^ht  of  the  motor  except 

7h^  ijjr  J^'lf;  i'.  vrry  lar;;^-.  an*^!  as  th^-  f/'/ie  fiieces  are  very 
t.'-;irly  Hat,  a  ^'/rf<phU:  axl':  ur.it  v/ith  its  armature  can  be  readily 
Atit\>\it'A  out,  afj'I  r*:]>hi' ff\  v/itr»oiit  'listtjrbin;:  the  balance  of  the 
jii'/f'/r  t'(\\\\\iu\t'Ui.  'Jr.i',  t;;//;  of  nia^hinc,  of  course,  cannot  be 
iivl  v/iili  any  fonri  of  aiU;rnatin^;  current  directly,  no  matter 
whaf  tlic  frr^jiu-TK  y. 

VVIi'Mi  fir^.t  jiropo'/d,  the  dcsi^;n  was  considered  so  radical 
th  it  li*.  ( \\n\(  t'.  in^'t  with  a  ^^iod  deal  of  criticism,  but  experimental 
trial's  «xtt:ndin^j  over  two  y«;ars,  with  67,000  miles  of  operation, 
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amply  demonstrated  its  remarkable  reliability  and  efficiency, 
qtialities  confirmed  by  the  operation  of  35  of  these  locomotives 
now  delivered  and  in  regtilar  service. 

The  total  weight  of  the  locomotive,  without  heating  equip 
ment,  is  about  95  tons,  of  which  70  "^ons  is  on  the  drivers.  The 
nominal  capacity,  with  75  degrees  rise  and  natural  ventilation, 
is  2200  h.p.,  at  which  outpu ,  \.i^h  600  volts  the  motors  nm  at 
300  revolutions,  corresponding  to  40  miles  an  hour.  The  rigid 
wheel-base  is  13  feet,  the  total  wheel-base  27  feet,  and  the  length 
over  all  37  feet. 


Fig.  'M — Transverse  section— bipolar  direct-current  motor 

The  individual  control  is  the  series-parallel  bridge  method, 
with  resistance  variation,  the  grouping  of  motors  varying  from 
four  in  series  to  four  in  multiple,  and  current  is  taken  from  the 
under-contact  rail  by  side-extending  flipper-shoes. 

The  original  specifications  required  each  locomotive  to  handle 
a  trailing  load  of  400  tons  on  a  specified  service,  two  locomotives, 
under  common  control  by  the  multiple-unit  system,  to  be  used 
with  the  heaviest  trains  on  high-speed  nms.  It  is  most 
satisfactory  to  find  that  these  locomotives  have  developed 
an  extraordinary  emergency  hauling  capacity,  such  that  there  is 
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no  train  pulled  out  of  the  Grand  Central  Station,  into  which  the 
first  run  was  made  September  30,  1906,  which  cannot  be  handled 
by  a  single  machine  at  the  speeds  required  within  the  limits  ot 
present  operation. 

The  exigencies  of  service  are  responsible  for  a  recent  re- 
markable test  of  this  tractive  power.  On  April  26,  the  Lake 
Shore  Limited,  north  bound,  consisting  of  nine  heavy  Pullman 
cars  hauled  by  a  Central-Atlantic  type  of  steam  locomotive,  was 
stopped  in  the  tunnel  imder  66th  street,  on  a  0.6%  up- 
grade, because  of  some  mishap  to  the  engine.  Following  it  was 
a  train  of  seven  standard  day  coaches,  shop  bound  and  hauled 


Fig.  35  — ^Turbine  room,  Port  Morris  power  station 

by  an  electric  locomotive,  which  promptly  coupled  on  to  the 
leading  train,  and  without  any  assistance  from  the  steam  loco- 
motive, which  was  dead,  started  the  entire  load  of  16  cars  and  2 
locomotives,  weighing  nearly  1,000  tons,  with  good  acceleration, 
and  made  the  run  up  a  1.02%  grade,  a  half-mile  long,  at  sat- 
isfactory speed  and  without  diflficulty. 

Those  concerned  with  the  planning  and  installing  of  the 
New  York  Central  equipment  justly  feel  that  it  is  epoch-making 
in  forwarding  the  march  of  electrification,  and  it  is  gratifying  to 
note  that  although  the  electric  service  was  inaugurated  only  as 
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recently  as  the  22nd  of  last  December,  has  been  developed 
under  extraordinarily  difficult  circumstances,  and  has  had  to 
face  much  adverse  criticism  because  of  a  serious  accident  due  to 
extraneous  causes,  already  305  train  movements,  representing 
86%  of  the  present  total  of  the  New  York  Central  and  Harlem 
trains,  both  locomotive-drawn  and  multiple-unit,  are  operated 
electrically.  The  aggregate  delay  has  been  less  than  with  the 
old  steam  service,  a  fact  particularly  noticeable  in  times  of 
snow-storms.  The  main  station  (Fig.  35)  output  for  24  hours  is 
but  about  65,000  kilowatt-hours,  and  when  the  batteries  are  in 
service  but  one  steam  unit  is  required  at  time  of  maximum  load. 


Fig.  36 — Motor  and  axle  unit  of  altemating-currpnt  New  Haven 

locomotive 

The  New  Haven  alternating  current-direct  current  locomo- 
tive, built  by  the  Westinghouse  Electric  &  Manufacturing  Com- 
pany, is  of  the  2-axle  free  bogie  type,  the  bogies  being  pivoted 
under,  and  transmitting  their  eflort  through  the  frame  which 
carries  the  cab,  in  which  are  mounted  the  transformers,  blowers, 
rheostats,  and  controllers  (Fig.  37).  On  each  truck  are  moim ted 
two  spring-supported  motors,  each  complete  within  itself.  The 
armatures  are  carried  on  quills,  terminating  in  spiders  at  each 
end,  which  engage  eccentrically  w-ound  springs  enclosed  in 
pockets  in  the  main  drivers  (Figs.  36-39). 
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The  rigid  wheel-base  is  8  feet,  the  total  wheel-base  22  feet, 
and  the  length  over  all  37  feet.  The  weight  of  the  locomotive  is 
93  tons,  having  been  raised  considerably  over  early  expectations. 
It  has  an  hour  rating,  on  the  usual  standard,  of  1,000  h.p.  when 
operated  at  25  cycles,  but  is  equipped  with  blowers  to  raise  the 
average  capacity.  It  is  intended  to  handle  a  200-ton  trailing 
load  at  schedule,  with  some  margin  of  performance. 

Although  built  primarily  for  operating  directly  from  11,000- 
volt  single-phase  alternating  current,  these  locomotives  must 


Fig.  37 — Armature  bearings  and   axle  unit  of   New  Haven  alternating- 
current  locomotive 


operate  also  from  the  650-volt  direct  current  while  on  the 
Harlem  tracks.  They,  therefore,  have  additional  control 
provision,  and  besides  the  double-pantograph  collectors,  have 
contact  shoes,  those  on  the  side  beinj^:  arranj^ed  for  lifting  by  air 
pressure  on  account  of  limited  clearances  on  a  part  of  the  run. 
The  motor  armatures  are  wound  for  operation  at  a  normal 
maximum  of  about  235  volts,  and  hence  are  connected  in  perma- 
nent series  of  two,  while  the  field-circuits  are  arranged  for  each 
pair  of  motors  in  a  separate  group,  and  for  series-parallel  grouping 
independently  of  the  armature  circuits,  to  provide  for  the  varying 
flux  in  alternating-current  and    direct-current    operation.     Of 
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course,  the  two  motor  groups  can  be  connected  for  series-par- 
allel operation  with  direct-current  supply,  but  with  the  disad- 
vantage of  using  about  double  the  amount  of  current  at  slow 
speeds  that  is  required  when  four  motors,  each  wound  for  the 
full  potential,  are  in  series. 

The  first  of  these  machines,  pulling  a  short  train,  made  entry 
into  the  Grand  Central  Station  on  May  11,  1907,  and  in  a  short 
time  the  operation  of  equipment  should  be  under  service  test. 

Some  question  has  been  raised  as  to  whether  trucks  with 
drivers  of  so  large  a  diameter,  62  inches,  on  which  are  concen- 
trated 15  tons  of  motors  in  a  limited  wheel-base,  w411  track 
properly  under  all  conditions  of  rail.  Experience,  however,  is 
the  final  criterion. 


Fig.  3S  -Armature  and  drivi.ig  spider  of  New  Haven  alternating-current 

locomotive. 

In  order  to  combine  the  possibility  of  single-phase  alternating- 
current  current  transmission  at  high  voltage  by  overhead 
trolley,  and  the  unquestioned  advantages  of  the  direct-current 
motor,  it  has  several  times  been  proposed  to  introduce  between 
the  line  supply  and  the  motors  a  motor-generator  set,  comprising 
an  induction  motor  taking  current  directly  from  the  line,  and 
driving  a  continuous-current  generator  to  supply  the  motors, 
this  converting  set  being  carried  in  the  main  cab,  with  provision 
made  for  the  extra  weight  by  bogie  trucks  at  each  end,  (Fig.  41)  or 
in  an  independent  tender  taking  the  place  of  the  steam  tender  in 
existing  steam  practice  (Fig .  40) .    Of  course  this  is  the  introduction 
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of  a  moving  sub-station  individual  to  the  locomotive  which  is  opera- 
ted by  it,  and  makes  the  latter  subject  to  all  the  idiosyncrasies  of  the 
intermediate  apparatus,  besides  laying  up  an  enormously  expensive 
machine  in  case  of  any  special  trouble.  Where  the  motor- 
generator  set  is  carried  in  a  separate  tender,  this  disablement 
only  cuts  out  a  part  of  the  equipment,  which  can  be  replaced  by 
another  like  part,  but  in  any  case  it  is  debatable  whether  such  a 
moving  sub-station  offers  any  advantage  over  the  stationary  one. 
Sometime  since,  I  made  a  very  careful  investigation  of  the 
possibilities  of  direct-current  gearless  and  geared  motors,  (Figs. 
42-43)  the  former  of  the  bi-polar  type,  for  identically  the  same 
service,  a  very  severe  one. 


Pig.  39 — Truck  of  New  Haven  altemating-currert  loccmotive. 

Both  machines  are  of  the  four-axle  bogie-truck  type,  the 
trucks  being  linked  together.  The  geared  locomotive  weighs 
93  tons  and  the  gearless  126  tons,  but  the  weight  per  axle  is 
well  within  the  usual  allowance.  On  each  truck  are  four  motors, 
connected  two  in  series,  to  be  operated  at  a  maximum  line 
potential  of  1500  volts.  The  geared  motor  construction  is  of  the 
usual  standard,  but  fitted  with  commutating  poles,  while  the 
gearless  machine  has  modified  bi-polar  motors  of  the  N.  Y.  Cen- 
tral type. 

A  comparison  of  the  efficiency  curves  of  the  two  machines  is 
interesting,  these  showing  for  each  from  87  to  88%  on  a  five- 
hour  load,  and  falling  only  to  83%  with  50%  increase,  while  at 
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half  this  load  the  efficiency  of  the  gearless  machine  is  much 
higher  than  that  of  the  geared.  Some  adequate  idea  of  the 
capacity  of  the  gearless  machine  may  be  gathered  from  a  state* 
ment  that  it  will  maintain  a  drawbar  pull  of  nearly  25,000  lb. 
at  a  good  rate  of  speed  for  several  hours  continuously,  and  with 
natural  ventilation.  These  extraordinary  characteristics  would, 
for  the  class  of  service  for  which  these  machines  were  con- 
sidered, amply  warrant  the  additional  weight  because  of  the 
simplicity  of  the  gearless  machine. 

A  very  promising  type  of  machine  (Fig.  44),  embod3angmany of 
the  good  features  of  those  which  had  preceded  it,  is  now  imder  con- 
struction by  the  General  Electric  Company,  for  use  either  on 
direct  current,  or  with  a  motor-generator  set  supplied  from  an 
alternating-current  trolley.  This  machine  is  of  the  4-axle  free 
bogie  type,  the  drawbar  pull  being  taken  through  the  main  frame. 
On  each  truck,  and  forming  an  integral  part  with  it,  are  two  bi- 
polar gearless  motors  driving  the  middle  pair  of  axles,  and  at  either 
end  of  each  truck  is  a  pair  of  leading  wheels  of  smaller  diameter, 
which  have  a  limited,  spring-resisted  side  play.  The  normal 
wheel-base  of  each  truck  is  12  feet,  the  total  wheel-base  32  feet, 
and  the  length  over  all  36  feet.  This  machine  should  be  capable 
of  an  almost  unmatched  speed  and  freedom  in  following;  irregular 
curvatures,  and  with  special  ease  of  track  approach. 

The  various  locomotives  thus  briefly  described  are  but  a 
fraction  of  those  proposed  by  various  makers  to  fit  particular 
conditions  and  types  of  apparatus.  Their  construction  does  not, 
in  many  particulars,  meet  the  preconceived  ideas  of  some  steam- 
locomotive  builders,  with  whom  a  high  center  of  gravity  and  all 
the  weight  possible  carried  on  springs  is  a  cardinal  principle. 
and  a  very  correct  one  when  we  consider  the  necessities  of  the 
steam  locomotive.  The  electric  locomotive  has  a  lower  center  of 
gravity,  that  of  the  New  York  Central  machine  being  about  44 
inches,  the  New  Haven  51.  and  the  Ganz  probably  somewhat 
higher,  while  that  of  the  steam  locomotive  is  sometimes  as  high  as 
73  inches.  The  electric  machine,  therefore,  will  have  less  ten- 
dency to  topple  over,  but  a  greater  resultant  side  pressure  in 
case  of  irregularity  of  track  when  entering  a  curve,  or  nmningon 
an  irregular  track,  than  its  rival,  a  larger  portion  of  whose 
weight  heels  over  and  increases  the  vertical  pressure  on  the  rail. 
Careful  investigation,  however,  carried  on  through  many  sources, 
and  inaugurated  by  reason  of  the  recent  derailment  on  the 
New  York  Central  road,  seems  to  indicate  that  with  electric 
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motors  properly  gttided  any  increased  tendency  to  side-thrust  is 
more  than  compensated  for  by  certain  other  advantages 

Train  Control  and  Operation,  Restriction  of  operation  in  an  elec- 
tric system  to  methods  in  vogue  with  steam  operation  would  be  a 
useless  throwing  away  of  one  of  the  geatfest  possibilities  of  improve- 
ment in  train  operation  where  passenger  service  is  heavy  and 
terminal  facilities  congested.  Ten  years  ago  I  inaugurated  on 
the  South  Side  Elevated  of  Chicago  a  new  system  of  train 
control,  which  permitted  the  aggregation  into  trains  of  any 
number  of  independently  equipped  motor  cars,  and  dead  cars  if 
desired,  and  their  control  from  either  end  of  any  car,  irrespective 
of  train  make-up.  This  system,  now  known  the  world  over  as 
the  **multiple-imit,"  (Fig.  45)  has  made  such  advance  that  it  is  now 
generally  recognized  and  adopted  as  the  best  method  of  handling 
trains  wherever  service  is  crowded  and  high  schedules  are  required. 

The  essential  result  accomplished  by  this  system  is  increase 
of  capacity,  by  providing  high  power  equipments,  proportional  to 
the  length  of  the  train,  increased  schedules  and  density  of  train 
movement,  the  lowest  maximum  speeds  for  any  given  schedule 
similarity  of  equipment,  reduced  switching  and  signal  move- 
ments, increased  safety,  and  generally  the  utmost  independence 
and  facility  of  operation.  Whatever  tentative  plans  may  for 
the  present  be  adopted,  I  believe  that  it  is  inevitable  that  all 
local  and  suburban  passenger  service  on  electrically  equipped 
railways  requiring  train  operation  will  be  eventually  conducted 
on  the  multiple-unit  plan,  and  its  use  will  spread  over  a  contin- 
ually increasing  area,  even  to  the  operation  of  passenger  cars  run 
over  divisions  of  considerable  length. 

But  it  must  be  borne  in  mind  that  we  are  dealing  all  the  while 
with  necessarily  increased  weights  of  considerable  amount, 
because  of  the  use  of  steel  car-bodies,  heavier  trucks,  and 
addition  of  motor  equipment  which  must  provide  the  power  to 
propel  itself  as  well  as  the  cars.  Increase  of  schedule  also  de- 
mands increased  capacity  of  motors,  and  it  is,  therefore,  of  the 
utmost  importance  that  capacity  be  got  with  a  minimum  of 
weight,  and  likewise  with  restricted  armature  speeds,  which, 
where  stops  are  frequent,  add  materially  to  the  "  virtual  *' 
weight  of  the  car;  because  not  only  does  the  weight  of  the 
armatures  have  to  be  accelerated  and  carried  in  a  linear  direction 
with  the  inert  parts  of  the  car,  but  they  must  have  energy 
stored  in  them  because  of  their  rotation,  a  considerable  part  of 
which  is  thrown  away  in  braking.      According  to  all  present 
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developments,  as  I  have  already  indicated,  the  direct-current 
equipment  has  in  this  service  an  enormous  advantage  over  any 
single-phase  alternating-current  motor  equipment  with  its  car 
transformer. 

Irrespecti\  e  of  the  benefits  to  passengers,  and  the  influence  in 
building  up  suburban  service  by  providing  a  high  schedule 
train  system  which  can  be  absolutely  adjusted  to  the  needs  of 
traffic,  the  influence  on  the  capacity  of  the  terminal  facilities  of 
a  railway  is  of  the  utmost  importance.  It  has  been  declared  by  a 
competent  English  authority  that  the  use  of  multiple-unit  trains 
in  the  suburban  service  of  a  congested  station  at  least  doubles  the 
capacity  of  that  station  in  the  matter  of  track  movements  and 
the  dispatch  of  trains,  not  only  on  account  of  the  ability  to  oper- 
ate the  trains  from  any  point  and  in  any  length,  but  also  because 
of  halving  the  number  of  switch  and  signal  movements  necessary 
where  locomotives  are  used.  In  addition,  the  electric  loco- 
motives necessary  on  through  trains,  being  double-ended, 
compact  for  their  capacity,  and  needing  no  turn-tables,  occupy 
much  less  track  and  yard  space  than  steam  machines.  Again, 
the  use  of  electricity  makes  it  possible  to  double-deck  a  terminal, 
bringing  through  trains  in  on  one  level,  and  suburban  trains  on 
another,  and  using  both  for  storage.  As  a  net  result,  it  may 
be  safely  stated  that  so  far  as  train  movements  are  concerned, 
the  capacity  of  a  yard,  over  and  above  that  required  for  the 
storage  of  cars  alone,  can  be  trebled  as  compared  with  steam- 
locomotive-drawn  trains.  In  addition,  the  yards  can  be  roofed 
over,  and  the  space  utilized  for  streets,  parks,  or  buildings. 

The  remarkable  extension  of  the  multiple-unit  system,  and  its 
recent  application  to  locomotive  practice,  as  for  example  on 
the  New  York  Central  Railroad,  has  led  to  the  suggestion  that, 
freight  trains  shall  be  equipped  with  secondary  controlling  lines, 
and  that  a  plurality  of  locomotives,  not  only  at  the  head  of  the 
trains  but  distributed  throughout  it,  shall  be  handled  by  a 
single  operator  on  the  leading  engine,  whose  controller  shall  be 
provided  with  the  automatic  safeguards  common  to  the  service 
which  has  already  been  developed.  I  do  not  hesitate  to  pro- 
nounce this  an  impracticable  scheme  for  general  application. 
Quite  aside  from  the  cost  of  equipping  the  hundreds  of  thousands 
of  rapidly  deterioratin.c:  freight  cars,  the  majority  of  whose  train 
lines  would  not  be  used,  it  would  be  against  public  policy,  and  con- 
trary to  the  most  ordinary  safety  of  train  operation,  to  leave  such 
an  extended  and  high-powered  train  in  charge  of  a  single  man. 
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Locomotive  operation  is  distinctly  different  to' that  on  elevated 
and  underground  roads,  and  the  operators  make  their  nms 
imder  widely  varying  conditions.  The  handling  of  a  long 
freight  train  is  entirely  tinlike  that  of  a  train  made  up  principally 
of  motor  cars;  it  has  to  be  coaxed,  favored,  and  nursed,  for 
scarcely  any  two  starts  are  alike.  As  useful  as  automatic 
controller  advance  is  with  the  ordinary  multiple-unit  train, 
and  even  admitting,  which  is  debatable,  the  advisability  of 
connecting  up  the  air-brake  with  the  control,  it  is  safe  to  say  that 
in  ordinary  freight  operation  these  features  should  not  be  added 
to  the  controller,  and  if  they  were  the  engineer  in  time  would 
beat  them. 

While  double-headers  imder  a  common  control  will  un- 
doubtedly be  used  when  necessary  on  both  freight  and  passenger 
trains,  when  one  considers  all  the  varying  conditions  of  tnmk- 
line  operation,  neither  public  policy,  safe  railroad  operation,  nor 
if  you  please,  labor  conditions,  would  permit  the  handling  of  a 
train  with  two  or  more  locomotives  so  coupled  up,  with  only  one 
man  in  the  cab.  It  should  not  be  permitted  even  with  a  single 
locomotive,  and  I  do  not  believe  that  any  man  who  has  had 
practical  experience  in  riding  locomotives  will  long  continue 
to  endorse  any  such  proposal. 

Storage-batteries.  The  use  of  the  storage-battery  in  connection 
with  electric  railway  operation  is  a  proposal  concerning  which 
much  may  be  said,  for  and  against,  depending  largely  upon  what 
value  one  attaches  to  restriction  of  peak-loads  on  moving 
machinery  and  to  insurance.  That  it  has  been,  and  is  being 
used  successfully  in  connection  with  direct-current  equip- 
ment of  moderate  potential  admits  of  no  dispute,  and  it  has 
been  stated  that  it  is  equally  available  for  alternating-current 
installations.  This  lattei  claim  is  misleading.  On  direct- 
current  systems  the  principal  function  of  a  battery  is  that  of  an 
equalizer.  If  installed  at  a  central  or  sub-station  it  is  usual  to 
provide  boosters  to  govern  the  charging  and  discharging.  These, 
however,  are  only  of  differential  watt  capacity,  and  while  they  are 
necessary  for  regulation,  it  is  perfectly  possible  to  use  the  battery 
in  some  emergencies  by  direct  connection  with  the  line.  Some- 
times the  battery  is  used  at  an  auxiliary  sub-station  without  any 
boosters  whatever,  the  charging  and  discharging  being  deter- 
mined by  the  drop  on  the  line,  or  by  the  use  of  an  extra  feeder. 

With  an  alternating-current  system,  the  battery  at  a  sub- 
station plays  an  entirely  different  role.   It  must  be  charged  by  a 
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direct-current  generator  driven  by  an  alternating-current  motor, 
and  in  discharging  drives  the  alternating-current  motor  as  a 
dynamo  through  the  direct-current  generator  acting  as  a  motor. 
In  addition  to  the  introduction  of  moving  machinery  in  an  alternat- 
ing-current sub-station,  its  watt  capacity  must  be  equal  to  that 
of  the  full  discharge  of  the  battery,  and  the  latter  can  have  no 
function  in  supplying  current  to  the  working  conductor  except 
through  the  medium  of  two  rotating  machines  of  large  capacity. 

Where  current  is  purchased  from  a  water-power  plant,  and  it 
is  necessary  to  change  frequency  as  well  as  restrict  the  peak- 
load  by  which  charge  for  power  may  be  regulated,  the  battery 
may  be  used  in  combination  with  an  alternating-current  motor, 
a  single-phase  generator  and  a  direct-current  machine;  the 
alternating-current  motor  driving  the  single-phase  generator  and 
the  direct-current  machine  to  charge  the  battery  when  the  load 
on  the  line  is  light,  and  the  alternating-current  motor  and  the 
direct-current  machine,  operating  as  a  motor  supplied  by  current 
from  the  battery,  together  driving  the  generator  when  the  load 
is  heavy. 

Use  of  step-up  and  step-down  transformers.  Where  the  dis- 
tance is  not  great,  as  on  the  present  proposed  limited  operation 
of  the  New  Haven  road,  both  step-up  and  step-down  trans- 
formers have  been  omitted,  and  the  11, 000- volt  trolley-line  is 
supplied  from  the  station  switchboard.  This  means  direct 
connection  between  an  extended  system  of  overhead  working 
conductors  and  generators  operated  at  high  potential,  with  one 
side  grounded,  with,  of  course,  whatever  protection  lightning- 
arresters  can  provide.  Such  are  the  vagaries  of  lightning  and 
the  uncertainty  of  the  very  best  arresters,  that  I  cannot  but 
feel  that  this  practice,  which  subjects  costly  generating  equip- 
ments to  direct  lightning  attack  and  special  grounding  stress, 
will  not  obtain  to  any  great  extent ;  for  the  possibility  of  laying 
up  a  complete  unit  of  great  capacity,  steam  engine  as  well  as 
generator,  because  of  a  lightning  flash  or  accidental  ground,  is 
too  great  a  penalty  to  pay  for  eliminating  transformers,  and  is 
a  special  handicap  upon  the  possibilities  of  transmission. 

It  is  certain  that  standardization  should  be  directed  to  the 
construction  of  generators.  Any  material  increase  of  potential 
above  that  now  common  means  reduced  capacity  and  efficiency, 
increased  danger  of  breakdown,  and  greatly  increases  individual 
cost,  to  say  nothing  of  the  capitalized  risk  of  failure.  Quite 
aside  from  the  question  of  cost  and  efficiency,  air  cooling,  che 
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only  possible  method  for  generators,  manifestly  cannot  be  safely 
carried  above  that  which  is  tolerable  for  static  transformers, 
which,  when  wound  for  the  higher  potentials,  are  invariably 
oil-cooled.  Therefore  I  expect  to  see  standardization  of  gen- 
erator potentials,  the  pressure  being  stepped  up  by  trans- 
formers to  whatever  transmission  potential  is  necessary,  and 
then  stepped  down  to  the  working  pressure  on  the  trolley-wire 
if  alternating  current  be  used,  or  to  a  lower  pressure  and  con- 
verted if  direct  current  be  used. 

The  transformer,  per  se,  is  the  simplest  and  most  flexible 
device  for  changing  alternating-current  volume  and  pressure* 
and  its  moderate  cost  and  high  efficiency,  taken  in  connection 
with  the  like  elements  of  moderately  high  potential  generators, 
will  leave  the  total  cost  and  efficiency  of  generating  equipment 
roughly  the  same.  There  will  be  the  added  very  great  practical 
advantage  that  the  generators  not  only  work  at  lower  poten- 
tials, but  on  closed  metallic  circuits,  are  removed  from  direct 
contact  with  working  conductors  and  earth,  and  have  inter- 
posed between  them  and  the  line  at  least  one  set  of  static  trans- 
formers, which  practical  experience  has  shown  to  be  one  of  the 
best  generator  safeguards  against  lightning,  and  which,  if  broken 
down  do  not  involve  large  and  costly  tmits,  nor  wholesale 
sacrifice  of  capacity. 

General  cost  comparison  of  direct-current  and  single-phase 
alternating-current  systems.  Summarizing  briefly,  the  alternat- 
ing-current— direct-current  and  the  single-phase  altemating-cur- 
.tgnt  systems  have  certain  features  in  common,  and  others 
differing,  which  may  be  briefly  stated  as  follows: 

Each  must  have  a  central  station,  which  in  the  former  will 
generate  three-phase  currents  delivered  to  step-up  transformers 
to  raise  the  voltage  of  the  transmission  lines  to  any  required 
degree,  while  in  the  latter,  single-phase  currents  will  be  gen- 
erated at  a  practical  potential,  and  likewise  stepped-up  for 
transmission.  Assuming  equal  kilowatt  outputs,  the  generating 
part  of  the  three-phase  system  will  be  cheaper  than  that  of  the 
single-phase,  because  of  the  higher  weight-efficiency  of  the  poly- 
phase apparatus;  but  the  switching  devices  will  be  somewhat 
more  costly,  while  the  transformers  will  cost  about  the  same, 
with  the  net  result  that  the  cost  of  installation  per  kilowatt,  and 
with  equal  conditions  in  the  matter  of  speed,  reliability,  and 
efficiency,  will  be  somewhat  less  for  the  polyphase  than  for  the 
single-phase  equipment. 
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The  transmission  lines,  especially  where  provision  is  made  for 
duplicate  or  reserve  circuits,  may  for  the  purpose  of  this  general 
comparison  be  roughly  considered  as  of  equal  cost. 

Sub-station  transformers  must  be  provided  on  each  system 
to  lower  the  transmission  to  the  operating  or  transforming 
voltages.  There  will  be  approximately  an  equality  in  these 
features. 

Just  here  is  a  line  of  departure,  the  transformed  current  in  the 
alternating-current — direct-current  system  being  passed  through 
synchronous  converters,  and  delivered  to  either  an  overhead 
trolley  or  a  third-rail,  assuming  for  this  purpose  the  latter, 
while  in  the  single-phase  system  it  is  delivered  to  an  overhead 
trolley.  The  converters  and  the  necessary  housing  and  switching 
apparatus  is  an  excess  cost  chargeable  to  the  older  system. 

We  come  now  to  the  working  conductors  of  the  two  systems. 
The  third -rail,  which  is  prohibitive  to  the  alternating-current 
system,  cannot  be  put  in  except  on  what  may  be  fairly  called  a 
permanent  basis,  at  a  certain  approximate  cost  per  mile  of 
track  equipped.  The  overhead  trolley  for  the  alternating-current 
system  can  be  put  in  on  either  of  two  plans,  one  more  or  less 
tentative  and  temporary,  using  wooden  poles  and  wire  sus- 
pensions ;  the  other,  which  is  practically  the  only  way  affording 
reasonable  permanence,  with  steel  poles  or  bridge  supports. 
Under  this  latter  condition  of  permanence,  the  cost  of  such 
an  overhead  system  per  mile  of  track  will  run  fully  as  high,  and 
in  many  cases  higher  than  the  cost  of  the  third-rail  installation. 

The  costs  of  section-houses,  circuit-breakers,  and  automatic 
apparatus  will  be  quite  as  much  with  an  overhead  system  as 
with  the  third-rail. 

Tracks  in  either  case  must  be  bonded,  more  heavily  and  hence 
at  greater  expense  for  the  direct  current  than  for  the  alternat- 
ing, but  the  difference  will  often  be  met  by  features  connected 
with  the  overhead  system,  such  as  extra  cost  of  piers,  puU-offs 
colmmns,  changes  necessary  in  telegraph  and  telephone  circuits, 
and  clearing  the  right  of  way  from  trees. 

The  remaining  element  is  the  locomotive  and  motor-car 
equipment;  the  motors  for  the  direct-current  system  being 
operated  on  the  series-multiple  plan,  with  resistance  variation 
and  possibly  with  field  shunts,  those  for  the  single-phase 
alternating-current  system,  except  where  there  is  the  inter- 
mediary of  a  motor-generator  set.  through  a  secondary  or 
autotransformer    carried    on  the  car.      According   to   present 
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developments,  there  is  here  very  great  difference  in  the  weight 
and  cost  of  apparatus,  and  in  the  number  of  motors  necessary 
to  perform  any  given  service.  Judged  from  every  standard 
which  I  have  been  able  to  compare,  the  cost  of  this  part  of 
equipment  with  25-cycle  alternating-current  motors  is  so  much 
higher  than  that  with  direct-current  motor  equipments,  that, 
assuming  a  reasonable  operating  potential  on  the  third-rail,  it  is 
certainly  a  debatable  question  whether  the  increased  cost, 
and  cost  of  operation  of  the  motor-car  equipments  will  not  fully 
offset  the  cost  of  the  synchronous  converters  and  the  losses  in 
their  operation. 

I  have  made  many  comparative  analyses,  involving  millions 
of  dollars,  and  I  have  found  that  where  equal  permanence  of 
installation  is  provided  for,  and  equal  ultimate  as  well  as  average 
duty,  there  is  not  on  demonstrated  facts  a  very  wide  variation 
in  the  initial  cost  of  plant. 

Ordinarily,  the  signal  systems  used  on  railroads  will  have  to 
be  changed  at  considerable  cost.  Fortunately,  methods  have 
been  developed  which  permit  the  use  of  all  the  rails  for  the 
main  return-circuit  by  using  a  special  alternating-current 
circuit  for  operating  the  signals.  Where  the  tracks  are  used  for 
direct -current  return,  reactance  bonds  are  inserted  which  permit 
the  flow  of  the  direct  current,  but  resist  that  of  the  alternating 
signal  current.  Where  the  tracks  are  used  for  alternating- 
current  operation,  and  are  likewise  subject  to  the  flow  of  direct 
currents,  the  signals  must  be  operated  by  alternating  currents 
of  high  frequency  through  apparatus  which  is  inoperative  to 
currents  of  low  frequency  or  continuous  currents. 

Field  of  the  single-phase  alternating-current  motor.  It 
would  be  idle  to  deny,  and  I  have  no  wish  to  belittle  the  good 
work  done  and  the  results  achieved  in  the  development  of  the 
single-phase  motor,  just  as  it  would  be  equally  unwise  to  ignore 
what  has  been  done  in  polyphase  and  direct-current  work. 
The  results,  whatever  they  are,  are  facts  which  must  be  dealt 
with  in  a  judicial  spirit;  but  facts,  not  contradictory  and  un- 
wise or  un supportable  claims,  must  eventually  guide  the  engi- 
neer. No  one  can  deny  that  if  the  single-phase  motor  be  de- 
veloped to  a  high  state  of  weight-efficiency,  imhandicapped  by 
excessive  weight  of  the  collateral  apparatus  necessary  on  a  car 
to  utilize  it,  and  if  the  capacity  of  conductors,  especially  steel 
conductors,  for  alternating  currents  can  by  any  discovery  be 
raised,  the  elimination  of  moving  machinery  in,  and  the  sim- 
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plification  of  sub-stations  would  open  up  a  very  extended 
and  important  field  for  the  use  of  this  type  of  apparatus. 

But  with  developments  as  they  are  at  present,  what  is  the 
actual  field?  As  there  is  no  general  agreement  as  to  methods 
of  construction ,  so,  too,  I  find  no  fixed  conclusions  as  to  the  field  of 
conmiercial  usefulness;  rather,  on  the  contrary  the  sharpest 
differences  of  opinion.  Some,  with  enthusiastic  catholicity, 
make  it  all-embracing  for  steam  roads,  quite  irrespective  of  well 
known  limitations.  Others,  although  at  times  seemingly  con- 
tradictory, are  even  more  elastic  in  their  claims. 

For  example,  one  engineer  says:  **  It  is  recognized  that  for 
heavy  railroad  service,  where  all  kinds  of  speeds  should  be 
obtained  economically,  the  single  phase  railway  system  will 
undoubtedly  show  to  great  advantage  compared  to  any  known 
continuous  current  system.**  Again,  the  same  authority  states: 
**  While  suburban  work  was  once  thought  to  be  the  most  im- 
portant field  for  the  single  phase  railway,  it  has  now  become 
evident  that  city  work,  where  traffic  is  very  congested  in  parts 
of  the  system,  will  prove  to  be  one  of  the  best  fields.**  Another 
affirms:  **  Interurban  electric  traction  work  is  the  peculiar  field 
of  the  alternating  current  system,"  but  adds  to  this  the  state- 
ment: **  When  stops  are  few,  the  advantage  of  the  altemating- 
ctirrent  system  is  not  so  greatly  marked.  In  short  runs,  the 
alternating  current  system  can  have  the  greater  advantage.*' 

It  has  even  been  stated  that  for  such  services  as  that  on  otir 
elevated  and  underground  rapid  transit  roads,  with  their  con- 
gested train  movements,  quick  accelerations,  high  schedules  and 
limited  clearances,  the  single  phase  alternating  current  motor 
would  find  a  fruitful  field.  It  would,  but  the  fruit  would  be 
somewhat  bitter. 

It  seems  to  me  that  the  present  principal  field  of  usefulness  of 
the  single-phase  system  is  on  roads  of  considerable  extent  which 
operate  an  irregular  and  sparse  traffic,  and  where  only  a  moder- 
ately expensive,  or  what  may  be  called  a  second-class  overhead 
construction,  which  will  keep  down  the  ratio  of  line  investment  to 
that  of  the  balance  of  equipment,  is  tolerable.  As  one  departs 
from  this  condition,  adopts  more  permanent  construction,  and 
faces  the  problems  of  denser  traffics  and  higher  capacities,  any 
advantages  of  the  single-phase  system  will  disappear,  and  the 
superiority  of  the  direct-current  equipment,  with  such  im- 
provements as  are  in  sight,  become  manifest.  But  whatever 
may  be  the  future  of  single-phase  operation  imder  the  conditions 


770  SPRAGUE:  TRUNK'UNE  OPERATION  [May  21 

stated,  any  present  claim  for  it  as  the  preferable  equipment 
for  congested  service  demanding  high  schedules  and  great 
capacity  is  not  worth  a  moment's  thought,  for  in  this  field,  at 
least,  it  cannot  touch  the  direct-current  system. 

Without  individual  comment,  I  quote  from  the  preface  of  the 
recent  work  by  Messrs.  Parshall  and  Hobart,  *' Electric  Railway 
Engineering/*  the  following  interesting  expression  of  opinion: 
**  In  our  judgment,  the  limitation  of  the  alternating  current 
motor  is  fixed,  in  its  relation  of  energy  output  to  weight,  by  the 
inherent  properties  of  single-phase  commutator  apparatus,  and 
the  limitation  of  the  continuous-current  motor  will  be  de- 
termined by  the  maximum  safe  voltage  at  which  a  commutating 
machine  can  be  worked.  While  the  development  of  each  class 
of  machine  has  advanced  beyond  the  point  that  could  reasonably 
have  been  foreseen,  and  while  it  is  impossible  at  the  present 
time  to  predict  where  the  limitations  will  be  reached,  we  are 
satisfied  that  a  careful  comparison  of  the  two  types  at  the  present 
time  is  decidedly  to  the  advantage  of  the  high  tension  continuous 
current  motor." 

In  closing,  let  me  again  remind  you  that  we  engineers  are  not 
omniscient,  or  inmiime  from  mistakes.  Feeling  strongly  and 
speaking  confidently  of  those  things  in  which  we  believe,  it  is 
not  reasonable  to  asstune  tjiat  the  great  diversity  of  opinion 
which  exists,  often  emphasized  by  individual  experience  along 
specific  lines,  reinforced  by  knowledge  of  what  has  been  accom- 
plished in  other  directions,  and  influenced  by  such  per- 
sonal bias  as  we  are  all  subject  to,  emphasizes  the  necessity  of  the 
utmost  development  in  every  direction ;  and  the  probability,  nay 
certainty,  that  there  is  at  present  no  single  system  which  can  be 
selected  as  best  for  all  purposes,  but  rather,  that  a  wide  and 
increasing  use  of  each  will  be  created,  and  in  the  majority  of 
cases  a  compromise  selection  of  the  best  elements  of  altemating- 
and  direct-current  practice  will  obtain. 

While  there  are  many  things  in  railroading  which  have  been 
standardized,  and  others  which  can  now  very  properly  be, 
and  which  of  themselves  do  not  militate  against  the  independent 
judgment  of  operating  railway  officials  in  matters  individual  to 
their  own  systems,  I  think  it  is  certain  that  these  same  officials 
will  in  the  future,  as  in  the  past,  consider  the  problems 
involved  in  a  change  of  motive  power  from  steam  to  elec- 
tricity from  an  individual  standpoint,  and  that  they  will 
demand     from    manufacturers,  as   well  as     from    their    engi- 
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neers,  all  possible  freedom  from  restriction,  exercising  in  a 
large  measure  their  own  judgment  as  to  the  adoption  of  any 
system.  I  see  no  practical  necessity  to  formulate  conclusions 
by  averaging  conditions,  and  I  cannot  conceive  the  responsible 
officers  of  any  trunk-line  road  being  guided  in  their  determination 
of  what  seems  best  for  their  own  requirements  by  consideration 
of  what  some  road  thousands  of  miles  removed  in  location,  and 
enormously  differing  in  operating  conditions  may  do. 

In  any  case,  the  most  satisfactory  system  will  be  that  one 
which  will  permit  of  continuous  all-round  operation  under  such 
conditions  as  will  utilize  to  the  utmost  all  the  beneficial  features 
of  electric  application.  If  any  one  system  can  be  demonstrated 
to  meet  these  conditions  better  than  all  others,  then  that 
system  will  become  preeminent,  no  matter  what  standards 
may  have  been  adopted  or  recommended,  and  no  matter 
what  our  preconceived  prejudices  may  be. 

APPENDIX. 

Among  the  publications  containing  my  views  on  the  subject  of 
heavy  electric  traction,  may  be  mentioned  the  following: 

National  Electric  Light  Convention.  Feb.  1890.  Paper  on  "The 
Electric  Railway." 

Forum,  Sept  1891.     "  The  Future  of  the  Electric  Railway." 

American  Institute  of  Electrical  Engineers,  June,  1892.  Inaugural 
Address:  "  Coming  Developments  of  Electric  Railways." 

Engineering  Magazine,  July,' 1895  '*  Will  Trunk  Lines  be  operated  by 
Electricity?'! 

Electric  Power,  Nov.  1895.  Editorial  Views  on  Replacing  Steam 
Locomotives  by  Electricity. 

Engineering  Magazine,  Feb.  1898.  "  The  Possibilities  and  Limitations 
of  Electric  Traction." 

American  Institute  of  Electrical  Engineers,  Feb.  1900.  Discussion  of 
Boynton's  paper:  *'  Electric  Traction." 

Electrical  Review,  Jan.  1901.     "  Historical  Notes  of  Electric  Traction." 

Institution  of  Electrical  Engineers,  Feb.  1901.  Discussion  of  Langdon's 
paper:  *'  The  Supercession  of  the  Steam  by  the  Electric  Locomotive." 

Engineering  Magazine,  Oct.  1901.  "  The  Rapid  Transit  Problem  in 
London." 

American  Institute  of  Electrical  Engineers,  June,  1902.  Discussion  of 
Arnold's  paper: "  Relative  Costs  of  Oj>erating  by  Steam  and  Electricity." 

Electrical  World,  March,  1904.  *'  The  Past,  Present  and  Future  of 
Electric  Traction." 
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International  Electrical  Congress,  St.  Louis,  Sept.,  1904.  **  The 
History  and  Development  of  Electric  Railways."  Discussion  of  Arnold's 
papers:  **  Electrification  of  Steam  Railways,"  and  **  Polyphase  and 
Single-Phase  Traction." 

Discussion  of  Dawson's  paper :   "Electric  Traction  on  British  Railways." 

New  York  Railroad  Club,  Jr.n.,  1905.  Discussion  of  Potter's  paper: 
"  Developments  in  Electric  Traction." 

American  Institute  of  Electrical  Engineers,  Feb.,  1905.  Dinner  cele- 
brating Triumph  of  Electric  Traction ;    **  The  Art  and  The  Men." 

Century  Magazine,  July-August,  1905.      "  The  Electric  Railway." 

Street  Railway  Journal,  Oct.,  1905.  An  Unprecedented  Railway 
Situation." 

New  York  Railroad  Club,  March,  1906.  Discussion  of  Lamme's 
paper:  "  Alternating-Current  Electric  Systems  for  Heavy  Railway  Ser- 
vice." 

American  Institute  of  Electrical  Engineers,  Jan.,  1907.  Discussion  of 
Stillwell  and  Putnam's  paper:  "  The  Substitution  of  the  Electric  Motor 
for  the  Steam  Locomotive." 
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Discussion   on    '*  Some   Facts   and   Problems   Bearing   on 
Electric  Trunk-Line  Operation/'  at  New  York, 
May  21.  1907. 

W.  J.  Wilgus:  There  are  so  many  points  on  which  I  fully 
agree  with  Mr.  Sprague  that  it  is  perhaps  well  at  the  outset  to 
dwell  on  one  matter  where  we  appear  to  disagree,  and  that  is  the 
relation  of  those  engaged  in  the  conducting  of  tnmk-line  railroad 
operation  to  the  electrical  engineering  profession  which  is  now 
gazing  with  hungry  eyes  on  that  enticing  field  of  new  endeavor — 
the  electrification  of  trunk-line  railroads.  Without  intending 
to  indulge  in  the  sarcasm  and  pessimism  ascribed  to  our  friend, 
the  editor  of  the  Railroad  Gazette,  I  do  believe  with  him  that 
the  cause  of  electrical  engineering  would  be  much  more  rapidly 
advanced  if  an  effort  could  be  made  to  bring  the  steam  railroad 
official  more  closely  in  touch  with  the  practical  side  of  the 
application  of  electricity  to  the  art  of  transportation.  It  is 
true  that  in  the  past  the  majority  of  steam  raiJroad  men  have 
rather  looked  upon  electric  railroads  as  beneath  their 
notice,  but  recent  important  developments  in  the  change  of 
motive  power  on  some  of  the  more  prominent  railroads  of  the 
country  have  dispelled  this  idea ;  and  I  feel  certain  that  all  steam 
railroad  officials  are  now  looking  upon  the  future  possibilities 
of  the  electrification  of  steam  railroad  traffic  with  keen  interest 
and  with  a  full  appreciation  of  the  magnitude  and  dignity  of 
the  problem. 

Unfortunately  they  have  so  far  felt  barred  from  an  intimate 
study  of  the  subject  because  of  the  befogging  of  their  minds  by 
heated  claims  and  counterclaims  of  the  merits  and  demerits  of 
various  electric  systems,  coupled  with  the  use  of  technical 
phrases  with  which  they  are  entirely  unacquainted.  After  all, 
the  main  features  of  the  electrification  of  steam  railroads  are 
understandable  to  steam  railroad  men  if  technicalities  can  be 
avoided  and  the  essentials  described  in  ordinary  homely  language 
that  can  be  grasped  by  the  men  not  versed  in  the  technique  of 
electrical  engineering.  I  therefore  venture  the  suggestion  that 
in  general  discussions  intended  for  the  enlightenment  of  the  non- 
technical steam  railroad  men,  the  subject  be  treated  as  broadly 
as  possible,  with  an  absence  of  partizanship  and  with  the  use  of 
plain  non-technical  terms.  Furthermore,  I  believe  that  it 
would  be  conducive  to  the  best  interests  of  the  electrical  engi- 
neering profession  to  attract  practical  steam  railroad  men  to  a 
discussion  of  papers  bearing  on  the  electrification  of  trunk-line 
railroads  so  as  to  secure  an  interchange  of  views. 

With  respect  to  the  conditions  that  will  justify  the  use  of 
electricity  as  a  motive  power  in  trunk-line  operation,  I  believe 
that  evolution  will  govern  rather  than  revolution.  In  other 
words,  there  will  be  no  sudden  general  substitution  of  electricity 
for  steam  as  a  motive  power,  any  more  than  there  was  as  a 
sudden  jump  from  the  small  locomotive  of  the  DeWitt  Clinton 
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type  to  the  Mallet  compound  of  to-day.  Railroads,  like  all 
other  human  achievements,  cannot  stand  still ;  they  must  either 
move  forward  or  backward.  It  is  generally  recognized  that 
their  ability  to  move  forward  is  now  limited  with  steam  locomo- 
tive practice,  and  that  the  overcoming  of  the  defects  inherent  to 
the  steam  locomotive  can  only  be  accomplished  by  the  use  of 
electricity.  It  now  looks  as  if  the  first  movement  in  this  process 
of  evolution  is  the  substitution  of  electricity  for  steam  in  con- 
gested passenger  terminals  at  large  centers  of  population  where 
the  public  demands  a  cessation  of  nuisances  incident  to  steam 
locomotives,  and  where  the  increasing  volume  of  traffic  requires 
increased  capacity  that  cannot  be  obtained  with  the  present  motive 
power.  The  success  of  the  New  York  Central  installation  in 
both  of  these  particulars  is  an  illustration  of  what  can  be  accom- 
plished, and  imitation  will  surely  ensue  at  other  places  where 
like  conditions  exist.  Coincident  with  the  change  of  motive 
power  in  crowded  passenger  terminals,  is  coming  the  use  of  elec- 
trically propelled  trains  on  existing  steam-railroad  tracks  be- 
tween large  centers  of  population  where  frequent  imits  are  neces  • 
sary  to  accommodate  the  public.  We  already  have  an  instance 
of  this  in  the  electrification  of  the  West  Shore  passenger  traffic 
between  Utica  and  Syracuse,  a  distance  of  about  50  miles.  I 
addition  to  these  instances,  where  at  this  time  the  wisdom  of  th| 
adoption  of  electricity  as  a  substitute  for  steam  is  self-evident, 
there  are  a  number  of  places  in  the  West  where  the  capacity  of 
steam  locomotives  of  the  highest  type  is  entirely  inadequate  to 
handle  freight  traffic  on  the  pusher  grades,  and  the  only  manner 
in  which  the  increased  capacity  can  be  obtained  is  by  means 
of  electricity.  With  a  start  in  the  substitution  of  electricity 
for  steam  in  the  operation  of  congested  terminals,  connecting 
lines  between  large  centers  of  population,  and  long  pusher  grades 
with  heavy  freight  traffic,  we  may  look  with  confidence  to  a 
gradual  expansion  of  the  use  of  the  new  motive  power  in  other 
directions.  For  example,  in  the  case  of  the  New  York  Central 
the  primary  object  of  the  use  of  electricity  was  to  abate  the  smoke 
nuisance  in  the  Park  Avenue  tunnel  and  to  increase  the  capacity 
of  the  Grand  Central  terminal.  When  this  decision  was  reached, 
it  became  self-evident  that  the  use  of  the  motive  power  should 
extend  to  the  end  of  the  suburban  territory  at  Croton  on  the 
Hudson  Division,  a  distance  of  about  85  miles.  While  the 
northerly  terminus  of  the  main  line  is  thus  planned  for  the 
present  at  Croton,  it  is  probable  that  just  as  soon  as  the  de- 
velopments in  the  electrical  field  will  warrant  such  action, 
the  electric  zone  will  be  extended  as  far  as  Albany,  a  total 
distance  of  142  miles. 

This  brings  up  the  question  of  the  respective  merits  of  the 
three  electrical  systems  now  warmly  advocated  by  their  re- 
ST)ective  friends;  videlicet,  the  direct  current,  single-phase  alter- 
nating current,  and  three-phase  alternating  current.  Looking  at 
the  matter  from  an  electrical  standpoint,  it  is  very  much  to  be 
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deplored  that  the  advocates  of  each  of  these  systems  have  seen  so 
much  to  condemn  in  the  others,  as  this  practice  has  frightened 
the  steam  railroad  men  from  taking  any  decisive  steps 
when  there  is  such  disagreement  among  those  upon  whom  they 
must  depend  for  guidance.  If  instead  of  blindly  teaching  the 
merits  of  one  system  to  the  exclusion  of  others,  the  electrical 
engineers  could  unite  upon  the  axiom  that  each  special  condition 
should  be  carefully  studied  and  the  system  adopted  best  suited 
to  it,  I  feel  certain  that  the  cause  will  be  further  advanced. 
For  instance,  direct  current  was  adopted  for  the  New  York 
Central  installation  at  New  York,  among  other  reasons,  because 
the  clearances  in  the  Park  Avenue  tunnel  and  the  ordinances  of 
the  City  of  New  York  absolutely  precluded  the  use  of  overhead 
construction ;  and  yet  we  are  told  that  a  great  mistake  has  been 
made  and  that  no  other  system  should  have  been  used  but  single- 
phase  alternating  current  with  overhead  construction.  Entirely 
apart  from  any  arguments,  pro  and  con,  of  the  relative  merits 
of  the  two  systems,  it  will  be  seen  that  physical  and  legal  condi- 
tions prevented  the  ado{!)tion  of  any  system  other  than  the  direct 
current.  When  there  are  no  limiting  conditions,  and  the  steam 
railroad  engineer  is  free  to  give  full  sway  to  the  exercise  of  his 
judgment  as  to  the  selection  among  rival  methods,  he  asks 
first,  which  is  the  most  reliable?  Accustomed  to  the  use  of 
long-tried  steam  locomotives,  the  breaking  down  of  any  one  of 
which  does  not  necessanly  affect  the  movement  of  many  others 
on  the  line  at  the  same  time,  he  naturally  looks  askance  at  the 
adoption  of  a  new  method  of  moving  trains  that  carries  with  it 
the  danger  that  in  case  of  a  disturbance  at  the  power  station  or 
transmission  lines,  every  train  on  the  line  will  come  to  a  standstill. 
This  question  of  reliability  is  much  more  important  with  a 
trunk-line  steam  railroad  carrying  passengers  from  remote  points, 
and  mail  and  express  from  over  all  the  country,  as  well  as  subur- 
banites, than  with  local  street-car  systems.  For  this  reason  the 
conservative  steam  railroad  man  does  not  feel  like  making  experi- 
ments with  untried  systems,  no  matter  how  alluring  their  advo- 
cates may  make  them,  but  prefers  to  select  from  systems  which 
by  long  tried  experience  are  proved  to  be  thoroughly  reliable. 
In  fact  on  the  more  important  trunk-line  installations  storage- 
batteries  are  now  felt  to  be  a  necessity,  not  only  to  provide  for 
violent  fluctuations  of  load  much  greater  in  range  than  with 
ordinary  street-railroad  systems,  but  also  to  afford  insurance 
against  interruption  of  traffic  due  to  minor  breakdowns  in  power 
stations  and  transmission  lines.  The  New  York  Central  in 
its  desire  to  secure  reliability  has  provided  not  only  storage- 
batteries,  but  also  duplicate  power  stations  with  access  for  fuel 
by  both  rail  and  water,  either  of  which  can,  in  the  event  of  the 
disablement  of  the  other,  run  the  entire  system,  by  utilizing 
spare  units  and  working  overload.  Duplicate  transmission  lines 
have  been  adopted  for  like  reasons.  Since  the  commencement 
of  electrical  service  last  December,  events  have  already  proved 
the  wisdom  of  these  precautions. 


776  ELECTRIC  TRUNK-LINE  OPERATION  [May  21 

The  answer  to  this  contention — that  trunk-line  railroads  should 
use  well-tried  systems — ^is  that  no  progress  can  be  made  unless 
something  new  is  tried.  In  reply  it  may  be  stated  that  the  trunk- 
line  railroad  is  not  the  place  to  make  experiments,  but  that  inter- 
urban  roads  of  minor  consequence  should  be  selected  and  the  new 
system  well  proved  before  it  is  installed  on  a  large  scale  in 
territory  where  its  failure  may  have  disastrous  results. 

Further  commenting  on  the  necessity  for  a  study  of  local 
conditions,  I  have  recently  had  in  my  charge  the  adoption 
of  an  electric  system  for  operating  combined  freight  and  pas- 
senger service  through  a  double-track  tunnel  now  under  con- 
struction. In  view  of  the  claims  made  by  the  advocates  of 
different  systems,  it  seemed  wise  to  prepare  the  specifications 
so  as  not  to  cramp  or  restrict  the  judgment  of  the  competitors, 
but  leave  the  widest  latitude  for  ingenuity  and  exercise  of  skill 
consistent  with  the  accomplishing  of  the  desired  object.  The 
invitation  to  domestic  and  foreign  companies,  in  addition  to 
asking  for  bids,  also  requested  the  filling  in  of  blanks  to  show 
the  annual  costs,  including  interest  charges,  depreciation,  taxes, 
and  operation.  The  result  showed  conclusively  that  for  that 
particular  installation,  the  direct-current  system  was  the  cheap- 
est in  both  first  cost  and  annual  cost,  to  the  extent  of  from  20  to 
25  per  cent,  less  than  its  nearest  competitor. 

With  your  permission  I  would  like  also  to  give  another  illustra- 
tion of  the  lack  of  wisdom  in  making  broad  generalizations  from 
which  to  draw  specific  conclusions.  We  are  often  told  that  the 
overhead  single-phase  system  should  be  used  because  of  the  ad- 
vantage of  requiring  no  sub-stations  and  sub-station  attendance, 
but  nothing  at  the  same  time  is  said  about  the  higher  cost  of  al- 
ternating-current locomotives  for  performing  the  same  service, 
nor  the  higher  cost  of  overhead  construction  as  compared  with  the 
third-rail.  About  a  year  ago  a  pamphlet  emanating  from  an 
eminent  authority  stated  that  on  four-track  trunk-line  territory 
overhead  construction  would  cost  about  $16,000  per  mile,  when 
as  a  matter  of  fact  a  recent  actual  installation  has  cost  over 
$50,000  per  mile!  Also  in  a  recent  installation,  w^hile  the  first 
cost  of  the  adopted  system  is  somewhat  less  than  one  of  the 
rival  systems,  still  the  increased  consumption  of  current  on  one 
portion  of  the  territory,  capitalized,  amounts  to  a  very  large  sum. 
This  amount  added  to  the  cost  of  installation,  makes  the  equiva- 
lent cost  considerably  in  excess  of  its  rival.  I  am  merely  men- 
tioning these  instances  as  showing  the  necessity  for  fairly  setting 
forth  all  sides  of  a  problem  before  drawing  a  conclusion  that  may 
be  entirely  wrong;  in  fact  I  do  not  know  of  any  important  ques- 
tion of  the  day  that  so  much  requires  absolute  openness  and 
frankness,  with  a  careful  examination  of  all  sides  of  the  case,  as  the 
adapting  of  electricity  to  trunk-line  practice.  Any  concealment 
of  the  facts  reacts  sooner  or  later  to  the  detriment  of  those  re- 
sponsible therefore  and  to  the  financial  embarrassment  of  the 
suffering  company. 


1907]  DISCUSSION  AT  NEW  YORK  777 

I  cannot  too  strongly  endorse  Mr.  Sprague's  remarks  bearing 
on  the  wisdom  of  adopting  the  multiple-unit  system  for  handling 
suburban  service.  The  New  York  Central  has  already  reaped 
its  reward  in  adopting  this  method,  in  the  elimination  of  practi- 
cally all  of  the  delays  of  train  service  at  the  Grand  Central  Sta- 
tion, delays  that  heretofore  largely  resulted  from  the  multiplicity 
of  movements  of  steam  locomotives  in  passing  to  and  from 
the  engine-house  facilities  and  in  switching  from  the  head 
to  the  rear  end  of  trains;  in  fact,  apart  from  other  improvements 
made  at  this  terminal,  the  use  of  the  multiple-unit  system  has 
at  this  time  resulted  in  an  increase  in  the  capacity  of  the  station 
of  at  least  33  per  cent.  Moreover,  the  rapid  acceleration  of  this 
character  of  equipment  as  compared  with  locomotive  practice 
has  resulted  in  the  ability  of  the  operating  department  to  main- 
tain schedules  with  a  reduced  rate  of  speed  between  stations. 
While  on  this  subject  of  acceleration  it  might  be  well  to  add  that 
in  making  a  selection  between  the  rival  electric  systems,  relative 
acceleration  should  be  compared  not  only  in  connection  with  the 
movement  of  suburban  trains  but  also  through  trains  hauled  by 
electric  locomotives.  Some  recent  observations  have  demon- 
strated to  me  the  marked  difference  of  acceleration  between  the 
two  principal  electric  systems.  In  changing  motive  power 
from  steam  to  electricity  on  trunk-line  railroads,  this  question  of 
acceleration  is  one  of  the  greatest  attractions;  it  should,  therefore, 
not  be  lost  sight  of  in  deciding  upon  any  electric  system 
which  may  offer  no  greater  advantages  in  that  regard  than  the 
steam  locomotive  that  it  displaces. 

Another  point  mentioned  by  Mr.  Sprague  that  seems  worthy 
of  special  notice,  is  bonding  of  track  rails.  The  New  York  Cen- 
tral has  realized  the  wisdom  of  its  course  in  adopting  bonds 
concealed  beneath  the  fish-plates,  as  there  has  been  no  loss 
from  their  theft;  whereas  I  believe  that  on  other  roads  where 
this  precaution  has  not  been  taken,  electrical  operation  has  been 
seriously  interfered  with  by  the  theft  of  exposed  bonds. 

In  thus  venturing  a  word  of  advice  for  closer  relations  between 
the  steam  railroad  engineer  and  the  electrical  engineer,  and  greater 
frankness  and  cool  reason  in  the  discussion  of  the  relative  merits 
of  the  various  electric  systems,  I  may  be  pardoned  a  word  to  the 
electrical  manufacturers  in  doing  their  part  to  popularize  with 
steam  railroad  men  the  use  of  electricity  in  solving  trunk-line 
problems.  Always  having  in  mind  the  primal  elements  of 
safety  and  reliability,  all  inventive  genius  of  the  great  manu- 
facturing corporations  in  this  country  should  be  bent  on  devising 
means  of  accomplishing  a  desired  result  at  less  cost,  as  this  will 
mean  in  the  end  such  an  increase  in  the  use  of  electricity  as  a 
motive  power  as  to  more  than  compensate  for  the  comparatively 
small  loss  in  decreased  unit  prices  of  apparatus.  One  of  the 
promising  movements  in  this  direction  is  the  hints  that  have 
been  given  of  the  possibility  of  substituting  for  the  expensive 
synchronous  converters   and    sub-station    attendance    of    the 
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direct-current  system,  a  very  simple  device  which  will  cost  very 
little  and  require  no  attendance.  This  one  feature,  if  successful, 
will  go  far  toward  strengthening  the  hand  of  the  steam  railroad 
enthusiast  in  extending  the  use  of  electricity  more  generally  than 
now  seems  possible.  The  signal  field  is  also  one  in  which 
there  is  room  for  improvement  in  reducing  costs  of  installation 
so  as  to  make  the  use  of  electricity  feasible  from  a  financial 
standpoint.  The  use  of  electricity  at  the  present  day  requires 
the  throwing  away  of  old  type  signals  and  interlocking  systems 
and  the  installation  of  an  entirely  new  system  at  a  vast  cost, 
due  to  the  necessity  for  the  use  of  the  track  rails  for  return  pro- 
pulsion current.  On  one  of  the  branch  lines  of  the  company 
with  which  I  am  connected  the  substitution  of  electricity  for 
steam  has  been  indefinitely  postponed  because  of  the  attendant 
greater  cost  of  making  a  change  in  the  block  signals  and  inter- 
locking apparatus;  but  I  am  pleased  to  say  that  one  of  the  elec- 
trical companies  now  gives  ground  for  hopes  that  a  new  method 
has  been  devised  which  will  do  away  with  the  necessity  for  the 
more  expensive  portions  of  the  apparatus  and  so  far  reduce  the 
cost  of  the  change  of  signaling  as  to  make  feasible  the  electrifica- 
tion of  the  branch  road.  It  has  seemed  wise  to  give  these  illus- 
trations as  having  a  bearing  on  the  rapidity  of  the  process  of 
evolution  of  change  of  motive  power  on  trunk-line  railroads. 

As  to  the  relative  merits  of  overhead  and  third-rail  work- 
ing conductors,  steam-railroad  men  have  been  more  or  less 
alarmed  at  the  freedom  with  which  contending  enthusiasts  argue 
as  to  the  danger  attendant  upon  the  selection  of  either.  It 
must  be  conceded  that  in  return  for  the  many  advantages  that 
come  with  the  use  of  electricity,  there  are  certain  disadvantages; 
among  these  is  the  added  danger  from  the  use  of  working  con- 
ductors, whether  third-rail  or  overhead.  The  question  simply 
simmers  down  to  the  selection  of  the  system  which  appears  to 
offer  the  least  danger.  Mr.  Sprague  has  exhaustively  covered 
the  merits  and  demerits  of  each,  and  it  remains  for  the  steam 
railroad  man  to  make  a  selection,  having  in  mind  the  desiderata 
of  non-interference  with  the  view  of  signals,  elasticity  in  the 
adjustment  of  tracks  to  new  grades  and  alinement  and  the  laying 
of  additional  tracks,  minimum  danger  from  derailments,  safety 
to  employes,  and  economy  of  maintenance. 

I  realize  that  my  remarks  on  Mr.  Sprague's  exhaustive  paper 
are  very  general  and  throw  very  little  specific  light  on  the 
problems  that  he  discusses,  but  I  feel  that  I  might  be  par- 
doned for  dwelling  on  a  few  of  the  features  that  have  seemed 
wise  for  ail  of  us  to  bear  in  mind  in  attempting  to  work  together 
in  bringing  about  as  rapidly  as  possible  the  substitution  of 
electricity  for  steam  in  places  where  progress  demands  in- 
creased capacity  and  the  abolition  of  many  drawbacks  that 
necessarily  accompany  the  use  of  the  steam  locomotive. 

Lewis  B.  Stillwcll:  The  Institute  is  to  be  felicitated  upon  the 
presentation  of  a  long  and  interesting  paper  by  a  member  who 
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in  the  past  has  contributed  largely,  perhaps  more  largely  than 
any  other  living  man,  to  the  utilization  of  electricity  for  traction 
purposes.  With  much,  perhaps  all,  that  this  paper  states  in 
its  first  dozen  or  fifteen  pages  I  am  sure  that  we  will  find  our 
opinions  in  agreement.  We  have  noted  a  tendency  of  some 
electrical  engineers  to  indulge  in  prophecy;  the  fact  that  some 
of  us  have  difficulty  in  discussing  railroad  finance  and  operation 
unless  we  confine  ourselves  to  glittering  generalities  has  been 
frequently  observed ;  that  the  hope  of  financial  profit  is  the  under- 
lying motive  which  induces  the  capitalist  to  undertake  electrical 
enterprises  is  a  part  of  our  engineering  creed. 

It  is  sometimes  asserted  also  that  an  unfortunate  tendency 
and  limitation  of  engineers,  as  a  class,  is  to  concentrate  their 
attention  too  closely  upon  certain  features  of  a  general  problem 
and  to  lose  sight  of  other  features  essential  to  a  comprehensive 
and  accurate  mental  prospective.  Realizing  this,  it  is  satis- 
factory to  note  that  the  preliminary  pages  of  the  paper  this 
evening  aim  to  assist  members  of  the  Institute  by  suggesting  a 
broad  view  of  the  general  problem  of  electric  trunk-line  operation. 
It  is  distinctly  disappointing,  however,  that,  after  casting  his  eye 
over  the  broad  prospect  which  now  appears  to  offer  so  inviting  a 
field  for  the  realization  of  increased  earnings  and  decreased  opera- 
ting expenses  by  gradual,  well-considered,  and  systematic  exten- 
sions of  electrification,  the  author  should  spend  so  much  time 
and  effort  examining  details  of  construction  of  assumed  al- 
ternating-current and  direct-current  car  equipments  that  he 
is  able  to  bestow  but  a  passing  glance  upon  the  sub-stations  re- 
quired for  direct-current  operation,  and  but  hastily  to  examine 
the  contrasted  systems  of  transmitting  power  from  coal  pile  to 
moving  train.  Herein  the  paper  entirely  fails  to  convey  an 
accurate  idea  of  their  relative  advantages  and  limitations. 

In  the  paper  of  the  evening,  as  also  in  his  interesting  contribu- 
tion to  the  discussion  of  the  paper  which  Mr.  Henry  St.  Clair 
Putnam  and  I  had  the  honor  to  present  at  the  meeting  of  January 
25,  the  author  takes  issue  with  certain  opinions  which  I  have 
sxpressed  relatively  to  the  question  of  standardization  of  electric 
railway  equipment  and  the  relative  merits  of  direct-current  and 
alternating-current  motors  for  trunk-line  operation.  In  the 
paper  before  us  he  says: 

But  above  the  discordant  notes,  and  in  the  turmoil  of  varied  develop- 
ments there  rises  now  and  then  the  cry  of  standardization,  not  only  such  as 
is  natural  and  not  prohibitive  of  new  advances  in  the  art,  but  wholesale 
explicit,  and  exclusive.  For  example,  in  a  recent  paper  before  this  In- 
stitute, the  view  was  expressed  that  but  a  single  plan — the  high-tension 
overhead  trolley,  with  15  cycle,  single-phase  alternating-current  motors 
— was  possible  of  serious  consideration  on  trunk-line  service,  and  that  this 
system  should  now  be  adopted  and  standardized,  despite  the  fact  that 
there  was  not  in  existence  a  single  equipment  of  this  character  in  prac- 
tical railway  operation! 

It  is  obvious  that  Mr.  Putnam  and  myself  failed  to  convey 
to  the  author  of  this  evening's  paper  an  accurate  understanding 
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of  our  position,  and  lest  others  also  may  have  misunderstood  our 
meaning  I  may  be  permitted  to  quote  from  the  paper  and  its 
discussion  the  following  paragraphs  relative  to  *'  Standardization" : 

Engineers  constituting  the  membership  of  this  Institute  owe  it  to 
themselves,  as  well  as  to  their  clients,  to  use  every  effort,  without  pre- 
judice and  without  fad,  to  prevent  waste  by  opposing  the  introduction 
of  apparatus  which  from  its  limitations  cannot  solve  the  general  problem 
of  railway  electrification;  and  it  is  to  be  hoped  that  they  will  use  their 
united  influence  to  fix  proper  standards  as  rapidly  as  this  establishment 
may  be  consistent  with  progress.  ♦  *  ♦ 

The  necessity  of  proper  standardization  is  obvious.  Specifically  it 
would  seem  feasible  and  eminently  wise  to  agree  upon  standards  of  prac- 
tice in  respect  to  the  following: 

(a)  Location  of  third -rail. 

(b)  Location  of  overhead  conductor  used  with  single-phase  al tema ting- 
current-system . 

(c)  Frequency  of  alternating-current  traction  systems. 

It  is  equally  desirable  but  probably  less  easy  to  agree  upon  a  standard 
system  ot  multiple-unit  control  for  train  operation.  *  ♦  ♦ 
The  position  which  we  take  in  this  matter  may  be  stated  as  follows: 

a.  A  general  view  of  the  railway  field,  including  freight  as  well  as 
passenger  traffic,  obviously  shows  that  for  anything  approximating  a 
general  solution  the  single-phase  alternating-current  system  is  decidwlly 
superior  to  the  1200-  or  1500- volt  direct-current  system.  This  con- 
clusion is  corroborated  by  calculations  easily  made  and  based  only  upon 
established  facts. 

b.  The  admitted  advantages  of  electricity  in  respect  to  increased 
earning  power  and  decreased  cost  of  operation  are  such  as  assure  in  the 
near  future  rapid  increase  in  the  use  of  electricity  by  railway  systems 
now  operated  by  steam. 

c.  The  necessity  of  standardizing  frequency  rests  practically,  although 
less  directly,  upon  the  same  arguments  as  have  induced  railways  to  stand- 
ardize track-gauge,   train-line,  and  steam-line. 

In  other  words,  the  significance  of  our  estimates  of  comparative  op- 
erating costs  is  that  the  results,  viewed  in  connection  with  admitted 
facts  in  respect  to  increased  earnings,  indicate  that  a  general  electrifica- 
tion of  important  railway  divisions,  and  even  of  trunk  lines,  is  coming 
much  more  rapidly  than  has  been  generally  realized,  even  by  electrical 
engineers;  and  the  lesson  to  be  drawn  from  this  conclusion  is  that  we 
must  standardize  as  promptly  as  possible  everything  essential  to  con- 
venient interchange  of  rolling  stock. 

Mr.  Putnam  and  1  have  said  nothing  which  excludes  from 
further  consideration  the  three-phase  alternating-current  system 
or  any  other  alternating-current  system,  neither  have  we  opposed 
the  use  of  direct-current  motors  at  any  voltage  in  any  kind  of 
service,  except  trunk-line  service  in  which  it  is  proposed  to  substi- 
tute the  electric  motor  for  the  steam  locomotive.  The  line 
which  divides  trunk-line  service  from  intcrurban  service,  of 
the  class  to  which  hitherto  electricity  has  been  applied,  is  suffi- 
ciently distinct,  in  most  cases,  to  be  recognized  without  diffi- 
culty. For  interurban  service  I  have  used,  and  may  continue 
to  use  for  some  time  to  come,  direct-current  equipment.  Every 
real  improvement  in  electric  equipment  adapted  to  rolling 
stock,  whether  that  equipment  be  of  the  direct-current  tN'pe  or 
the  alternating-current  type,  has  its  value.  Each  specific  case 
of  proposed  installation  obviously  calls  for  careful  comparison 
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of  available  and  adequate  systems.  Such  comparisons,  however, 
if  they  are  to  lead  to  conclusions  that  shall  stand  the  test  of 
time,  must  take  into  account  not  only  existing  and  available 
equipment,  but  must  recognize  also  tendencies  in  the  develop- 
ment of  the  art,  and  consider  probabilities  of  future  extensions 
and  possible  connections  of  the  specific  line  under  consideration. 
For  trunk-line  operation  I  have  held  and  still  hold  the  opinion 
that  the  15-cycle,  alternating-current,  single-phase  system 
possesses,  inherent  characteristics  which,  in  this  class  of  work, 
constitute  controlling  advantages  as  compared  with  any  direct- 
current  system  that  has  been  suggested,  or  is  liable  to  be  de- 
veloped into  an  operative  system.  With  this  opinion  the  paper 
of  this  evening  joins  issue.  In  the  oral  discussion  of  the  paper  of 
January  25,  the  author  of  this  evening's  paper  stated  his  posi- 
tion with  emphasis  by  saying: 

I  am  going  to  make  a  prophecy,  that  on  a  large  number  of  lines  which 
can  by  any  stretch  of  imagination  be  considered  as  subject  to  a  reason- 
able prospect  of  electrification,  1200  or  1500  volts  will  on  any  present 
development  known,  give  better  results  in  every  way  than  the  alter- 
nating-current, 15-  or  2o-cycle  overhead  system. 

The  paper  before  us  while  presenting  certain  data  and  opinions 
purporting  to  sustain  the  contention  that  the  1200- volt  direct- 
current  system  is  superior  to  the  15-cycle  alternating-current 
system,  presents  no  sufficient  and  fairly  comparable  data  upon 
which  any  such  conclusions  can  be  based.  The  only  data  which 
it  presents  in  the  way  of  a  comparison  of  the  relative  outputs, 
speeds,  and  weights  of  the  contrasted  types  of  motor  are  those  in 
which  a  direct-current  motor  rated  at  240  h.p.  and  an  alternating- 
current,  25-cycle  motor  rated  at  125  h.p.  are  compared.  A 
pyramid  cannot  be  made  to  stand  long  upon  its  apex  unless 
propped  up,  and  no  conclusions  as  broad  and  far-reaching  as 
that  which  this  paper  apparently  endeavors  to  establish  can  be 
based  upon  a  single  comparison  of  this  kind.  Even  this  single 
exhibit  obviously  requires  material  correction  before  it  can  be 
used  properly  as  a  premise  for  the  conclusions  which  the  author 
seeks  to  draw.     It  is  defective  for  the  following  reasons: 

1.  It  compares  two  motors  of  equal  weight.  This  com- 
parison used  as  a  basis  for  a  general  conclusion  is,  obviously, 
unfair  to  the  alternating-current  motor,  as  it  takes  advantage 
of  the  fact  that  increase  in  the  size  of  motors  of  any  type,  alter- 
nating current  or  direct  current,  implies  reduction  in  weight 
per  horse  power.  Had  the  comparison  brought  together  two 
motors  of  equal  output,  the  ratio  of  weights  would  have  been  far 
less  than  is  the  ratio  of  output  when  equal  weights  are  considered. 
The  particular  case  of  a  motor-car  equipment  in  which  it  appears 
that  four  25-cycle  alternating-current  motors  would  be  required 
to  do  the  work  of  two  550- volt  direct-current  motors  is  one 
which  has  come  up  in  my  own  experience,  but,  obviously,  it  is 
no  proof  that  similar  relations  would  hold,  for  example,  in 
equipping  a  locomotive  with  a  given  aggregate  horse  power.     . 
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2.  The  comparison  is  made  with  a  650-volt,  direct-current 
motor  weighing  without  gear,  gear-case,  and  pinion,  only  23 
lb.  per  h.p.  (one-hour  rating).  This  is  extraordinary  light  and 
indicates  that  the  motor  is,  in  respect  to  the  relation  of  weight 
to  output,  superior  to  anything  in  general  use.  The  latest  200- 
h.p.  motors  offered  within  the  last  60  days  to  the  Interborough 
Company  by  our  leading  manufacturers  weigh,  respectively, 
28  and  30  lb.  per  h.p.  (one-hour  rating).  The  alternating-current 
motor  in  Mr.  Sprague's  comparison,  on  the  other  hand,  is 
characterized  by  a  higher  relation  of  weight  to  output  than  other 
single-phase  motors  of  comparable  output  in  the  market. 

3.  The  comparison  is  between  a  direct-current  and  an  alter- 
nating-current motor  operating  at  25-cycles,  not  15-cycles, 
which  is  the  frequency  suggested  by  Mr.  Putnam  and  myself. 
The  25-cycle  single-phase  motor  has  a  far  higher  ratio  of  weight 
to  output  than  the  15-cycle  motor  of  the  same  output. 

The  paper  emphasizes  the  statement  that  **  Capacity  is  the 
keynote  of  equipment."  With  this  conclusion  few  will  differ. 
In  our  consideration  of  capacity  of  eqtaipment,  however,  we 
should  not  limit  our  attention  to  the  motor  but  should  take  into 
consideration,  also,  the  comparative  methods  of  transmitting 
power  to  the  moving  trains.  In  general,  the  choice  of  a  system 
will  depend  upon  the  ratio  of  capacity  as  measured  in  tractive 
effort  to  aggregate  cost  of  equipment. 

I  have  read  the  paper  of  the  evening  somewhat  hastily 
and  possibly  may  have  overlooked  an  adequate  state- 
ment of  the  advantages  of  the  alternating-current  systems 
which  result  from  the  elimination  of  the  converter  sub- 
stations. These,  as  is  well  recognized,  are  a  very  expensive 
element  of  the  direct-current  system  as  it  would  be 
applied  to  anything  resembling  a  trunk  line — expensive  not 
only  in  first  cost  but  relatively  still  more  so  in  annual  cost  and  in 
complication  of  the  distributing  system.  There  are  to-day  in 
operation  in  this  city  somewhat  over  eighty  1500-kw.  converter 
units  for  the  purchase  and  installation  of  which  I  have  accepted 
responsibility.  While  this  machinery  is  doing  excellent  service, 
I  know  enough  of  its  cost  and  limitations  to  realize  that  for 
trunk-line  railroad  operation  in  the  broad  sense  a  system  which 
employs  the  converter  as  an  essential  link  between  the  coal  pile 
and  the  train  must  give  way  to  a  system  which  eliminates  this 
link,  provided  the  single-phase,  alternating-current  motor  is 
designed  and  manufactured  with  anything  approximating  the 
care  which  to-day  is  bestowed  upon  the  direct-current  motor. 

As  I  have  said,  a  pyramid  should  not  rest  upon  its  apex; 
general  conclusions,  too,  in  respect  to  the  very  important  ques- 
tion under  consideration,  should  not  be  based  upon  comparison 
of  a  single  representative  motor  of  each  size.  Such  comparison 
should  rest  upon  comparative  data  prepared  by  competent  de- 
signing engineers,  working  without  prejudice  in  favor  of  one  sys- 
tem or  the  other,  and  should  comprise  essential  facts  covering  a 
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considerable  number  of  motors  of  various  output,  designed  for 
the  same  service.  It  is  to  be  hoped  that  some  of  the  designing 
engineers  of  our  manufacturing  companies  will  prepare  and  pre- 
sent such  data  in  connection  with  the  discussion  of  this  paper. 

Meantime,  however,  I  may  say  that  only  last  week  with  refer- 
ence to  a  specific  installation  which  I  am  studying,  I  obtained 
from  the  engineers  of  one  of  our  large  maniifacturing  com- 
panies comparative  figures  relating  to  15-cycle,  single-phase, 
alternating-current  motors  of  200  h.p.  at  one-hour  rating,  and 
600- volt,  direct-current  motors  of  the  same  output.  These  motors 
are  practically  identical  in  speed  when  delivering  200  h.p.  The 
data  in  which  I  was  particularly  interested  are  the  maximiim 
vertical  dimensions  and  the  weights  of  these  motors.  The 
maximum  vertical  dimension  of  the  alternating- current  motor 
is  36.5  in.;  that  of  the  direct-current  motor  is  1.625  in.  less.  The 
weight  of  the  alternating-current  motor  is  6280  lb. ;  that  of  the 
direct-current  motor  is  6000  lb.:  both  of  these  weights  are  exclu- 
sive of  gear-case  and  pinion.  The  alternating-current  motor  re- 
quires a  wheel-base  one  foot  longer  than  is  necessary  with  the  direct- 
current  motor.  The  ratings  in  the  case  of  both  motors  are  based 
upon  the  same  rise  of  temperature  without  forced  ventilation. 

I  am  not  sure  that  I  understand  the  author's  reference  to  the 
implied  necessity  of  increasing  the  current-carrying  capacity  of 
steel  conductors.  He  quotes  from  the  report  of  the  commission 
of  the  recent  International  Electrical  Congress  to  show  that  on 
80-lb.  rails  the  ratio  of  impedance  to  resistance  at  25-cycles  is 
about  9  to  1.  This  difference  is,  of  course,  well  known;  but  in 
transmitting  a  given  amount  of  power  by  single-phase  alternating 
current  through  overhead  trolley  and  track  return  at  11000  volts, 
even  when  a  frequency  as  high  as  25  cycles  is  employed,  the  re- 
duction in  current  implied  by  the  increased  voltage  makes  the 
total  drop  in  the  circuit,  as  measured  in  percentage  of  applied 
potential,  less  than  ^  the  drop  of  a  direct-current  system  oper- 
ating through  the  same  circuit  at  1200  volts. 

It  should  be  noted  carefully  that  while  the  only  comparative 
data  given  with  respect  to  motor  performance  relate  to  the  550- 
volt,  direct- current  motor,  the  paper  implies  that  in  competition 
with  the  alternating-current  system  a  direct-current  potential 
of  1200  volts  will  be  used.  It  is  for  our  designing  engineers  to 
supply  adequate  data,  but  I  venture  to  express  the  opinion  that 
comparing  the  15-cycle,  single-phase,  alternating-current  motor 
with  the  1200-volt,  direct-current  motor,  the  latter  will,  in  general, 
have  very  little,  if  any,  advantage  in  respect  to  dimensions  or 
weight.  Moreover,  it  is  not  to  be  lightly  assumed  that  synchron- 
ous converters  delivering  1200  volts  would  be  found  as  cheap 
and  as  reliable  as  the  600-volt  machines  now  in  use. 

When  we  come  to  consider  the  auxiliary  car  equipment  and 
wiring  there  is  a  very  radical  difference  in  favor  of  the  alter- 
nating-current system.  In  this  field  as  in  the  lighting  field  the 
transformer  is  the  key  to  the  solution  of  the  general  problem  of 
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transmitting  energy  at  reasonable  cost  and  utilizing  it  at  safe  and 
easily  controlled  potentials. 

W.  B.  Potter:  Using  the  word  system  in  the  sense  of  meaning 
the  different  modifications  of  direct  and  alternating  current,  I 
think  all  will  agree  that  the  state  of  the  art  is  not  such  as  to 
warrant  the  recommendation  of  any  particular  system  as  the 
standard  and  the  only  standard  for  future  consideration.  With 
reference  to  existing  installations,  the  600-volt,  direct-current 
system  and  apparatus  is  certainly  a  recognized  standard,  which 
is  more  than  can  be  said  of  the  apparatus  on  any  of  the  other 
installations,  at  least  in  this  country.  In  nearly  every  case 
where  a  choice  between  systems  is  considered,  there  are  control- 
ling conditions  with  respect  to  financial  advantages  or  local 
requirements  which  are  of  sufficient  prominence  to  determine 
the  particular  system  most  suitable  for  the  case  under  con- 
sideration. The  proper  attitude  of  the  engineer  toward  com- 
mercial undertakings,  with  which  most  of  us  have  to  deal, 
should  be  that  of  an  investor,  his  reputation  being  his  capital 
and  his  dividends  being  in  direct  proportion  to  the  economic 
success  of  the  work  for  which  he  is  responsible.  I  feel  that 
Mr.  Wilgus  has  well  expressed  this  sentiment  in  saying  that  an  im- 
portant trunk-line  railroad  is  not  the  place  for  experimental 
development,  but  that  such  work  should  be  done  on  branch  lines 
where  failure  or  partial  success  would  inconvenience  a  smaller 
number  of  persons.  To  a  large  degree  new  types  of  apparatus 
can  be  perfected  by  manufacturing  companies,  by  experimental 
operation  on  suitable  tracks;  but  in  the  actual  operation  of 
apparatus  conditions  invariably  arise  that  do  not  develop  under 
the  control  of  the  designers  and  which  can  only  be  eliminated  by 
such  advisable  modifications  in  design  as  become  apparent  from 
a  careful  study  of  the  apparatus  in  service. 

For  a  number  of  years  the  improvement  in  direct-current 
apparatus  has  been  principally  with  respect  to  its  mechanical 
features.  Within  the  last  few  years,  by  the  application  of  com- 
mutating  poles,  there  has  been  a  decided  improvement  in  com- 
mutation, particularly  with  direct -current  railway  motors. 
These  motors,  by  reason  of  physical  limitations  and  the  fixed 
position  of  brushes  necessary  for  operation  in  both  directions, 
are  particularly  difficult  to  design  electrically.  From 
present  indications  it  would  appear  that  for  other  than  bi-polar 
motors  the  recognized  standard  direct -current  railway  motor 
will  undoubtedly  be  provided  with  commutating  poles.  Grant- 
ing a  motor  of  suitable  capacity,  the  character  of  the  commuta- 
tion is  of  the  utmost  importance  to  the  operator,  since  defective 
commutation  means  decreased  reliability,  increased  cost  of 
maintenance,  and  a  degree  of  supervision  out  of  all  proportion 
to  the  other  parts  of  the  motor. 

This  problem  of  commutation,  which  has  been  so  effectively 
solved  in  the  case  of  the  direct-current  motor,  is  one  of  the 
principal  difficulties  to  be  overcome  in  the  single-phase,  alter- 
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nating-ctarrent  motor.  The  commutation  of  this  is  inherently 
inferior.  Another  feature  of  the  alternating-current  motoi 
incidentally  affecting  commutation  is  the  number  of  armature 
revolutions  relatively  to  the  car-speed;  the  armature  speed  is 
somewhat  higher  than  that  of  the  direct-current  motor.  The 
higher  speed  of  the  armature  is  not  necessarily  a  feature  of  single- 
phase  motor  design,  but  owing  to  the  comparatively  greater 
weight  of  this  motor  it  is  desirable  to  run  the  armature  at  as  high 
a  speed  as  is  consistent  with  satisfactory  operation  of  the  bearings. 

The  single-phase  motor  is  a  comparatively  recent  development. 
We  have  good  reason  to  expect  substantial  improvements  in 
its  design,  particularly  with  respect  to  commutation;  and  I  am 
pleased  to  say  this  evening  that  the  prospects  are  particularly 
encouraging  for  a  single-phase  motor  with  commutation  as  good 
if  not  better  than  that  of  direct-current  railway  motors  without 
commutating  poles,  and  with  an  armature  speed  only  slightly 
higher  than  that  of  the  direct-current  motor.  As  this  improve- 
ment in  commutation  is  got  without  the  use  of  resistance  leads, 
the  internal  losses  incident  to  such  leads,  or  the  losses  due  to 
local  current  in  the  armature,  are  largely  avoided  and  the  effi- 
ciency of  the  motor  is  improved.  The  weight  of  such  a  motor 
will  still  be  probably  about  25%  greater  than  that  of  a  direct- 
current  motor  of  the  same  rated  capacity. 

These  improvements  do  not  affect  the  application  of  the 
different  systems,  except  that  they  may  result  in  reducing  the 
cost  and  maintenance  of  the  single-phase  apparatus.  They  do, 
however,  raise  the  quality  of  the  apparatus  more  nearly  to  that 
used  in  present  direct-current  practice. 

The  1200- volt  direct -current  system,  to  which  special  reference 
has  been  made  by  Mr.  Sprague,  is  substantially  in  line  with 
present-day  practice  for  600-volt  apparatus.  The  commutation 
gives  every  evidence  of  being  as  good  as  with  600-volt  motors, 
the  only  provisions  necessary  being  additional  insulation  both 
with  respect  to  the  coils  and  creepage  distances  on  exposed  sur- 
faces. With  respect  to  the  higher  voltage  direct  current,  I 
would  suggest  that  1200  volts  be  accepted  as  the  next  higher 
standard  above  600  volts.  The  use  of  a  number  of  intermediate 
voltages  would  introduce  a  variety  of  apparatus  not  suitable 
for  general  use,  and  necessarily  more  expensive,  as  it  would  be 
manufactured  in  limited  quantities  only.  On  account  of  the 
practical  relation  of  speeds  easily  obtained  with  the  series-parallel 
combination  of  the  motors,  1200  volts  afford  better  opportunity 
for  interchangeable  operation  with  600  volts  than  with  any  inter- 
mediate voltage. 

As  an  illustration  of  the  attitude  of  operating  companies  con- 
cerned in  getting  apparatus  most  suitable  for  their  service,  I 
would  mention  that  at  the  present  time  there  are  being  manu- 
factured for  use  in  this  country,  railway  apparatus  for  600-  and 
1200-volt,  direct-current  systems,  a  6000-volt,  three-phase  system, 
and  a  number  of  25-cycle,  single-phase  systems  of  different 
voltages. 


r:rs:  c:  i—  r-e  -£.75  rrr»r=5  ^'C':i  tji-e  restive  cacacrrTr  ct  t.3c 
ni'.^^rs  of  the  tT  0  •.-  ^es  as  be:r_z  '---e  ct  the  rzLt-irr^rt  and  r:-- 
\z\\::z/^  t>mtr.**  :r-  rea-'-hinr  a  it-:is:ti.  He  t^kes  cen-ein  diia 
Sir  :  a  cer:<;.:n  i^ii*  '.:  -. -r-ipan^ir..  ani  fr:m  tr^cse  rtaihts  ap- 
p-irem'v  l.«7:.5il  c-.r.il"^-!  .r.-.  Tr.e  '-t^i.r.  tr-ei:  anses,  are  the 
OiSi  ,a  an  ^  ,zjz  zj^^z.^  --  t  .Tr.t  SLTtr*-—  I'.i' .^.t .  *t  ti  -t.  ar^  t rjt^t  n^» 
otr-'rr  <ii.ta  ar. :  ar.thtr  Ll^i-  -.:'  :  rr.:  ^rif.  t:  irzn  -ar-i.h  c:t:- 
'..'j'-:'.r,5  rn^y  ?:•?  crav.r.  iy  tr-e  sane  ir_tt?: .•!.  t-t  perhaps  with 

it  seerr-s  to  n^.e  tr-at  a  r.'zrr.\^r  ci  t»  ints  whi.h  Mr.  Spragiie 
has  taket;  up  are  cvrr.:.in5.  r.?  in  a  parri.tilar  basU,  and 
tl'Sit  he  has  n^x  c-i^n?:  :ere i  ful!y  the  cirerent  methc^is  or  ccn- 
citi'.ns  unier  vhi.h  tr.e  t"x'o  n::-t:r5  may  CT«erate:  f^r  example, 
in  'otnp'arin;?  tr.e  ctirres  cf  the  t^o  m  tirs,  he  shiws  that  the 

X:  <s,r.  th.e  'hre^.t-^^t^rrent  motor  unitr  the  cvn-iitiins  which  be  has 
taken.  Tr.ere  is  an  apparent  C'_n:hj^t.n,  therefore,  th^t  the 
a^.ematir.^-'itirrent  m.ot  .r  is  la^ikin?  in  the  exctrllertt  chaiac- 
tenr.rs  i^yssesse^i  by  the  direct -ctirrent  m.ctvr.  He  has  failed, 
r.ov.ever.  to  call  attention  to  another  p<.:nt :  that  is,  the  ready 
a':  "J  St  ability  of  voltage  in  the  altematir^-eurrent  s>steiii  by 
means  of  vohajre  taps  from  the  transformer.  By  this  means 
the  mo-tor.  instead  of  oT-eratingt*^  its  highest  speed  under  a  single 
ap:/>:ed  voha^e,  which  is  the  ur^iai  condition  with  the 
direct -current  motor,  may  have  a  Icwer  voltage  applied.  It 
m.ay,  therefore,  develop  different  tcrques  at  dinerent  speeds, 
^!e[/ending  on  the  cr^nt roller  p^^sition.  Under  the  control,  there- 
fore, of  the  my>tom.an.  the  ahematine-c-urrent  motor  is  not 
limited  to  a  sin;.oe  law  of  acceleration,  but  may  have  dinerent 
ra*es  of  acceleration,  adjustable  as  desired:  it  may,  for  example, 
have  the  same  m.ean  acceleration  frcm.  start  to  maximum  speed 
as  that  of  a  direct -current  motor,  but  \%ith  a  less  maximum 
ra*e  of  acceleration. 

AnfAher  yArX  in  v.hi.  h  changed  ec^miitions  were  not  taken 
ir/o  consideration  is  tr.at  of  raiM-  >>.  Although  the  loss  per 
amMfre  may  1^-  ^'"eater,  the  loss  per  kiio'.vatt  m.ay,  as  pointed  out 
by  Mr.  S'^.ilr.ve!],  l^r  n.uch  I'ss. 

It  app^-ars  that  the  author,  in  his  treatm.ent  of  the  subject 
has,  unconsciously  perhaps,  a-sumtd  the  direct-current 
motor  and  i*s  c r. a ra*-* eristics  as  the  ideal  of  perfection, 
W)  that  v.r.erever  the  other  motor  has  different  characteristics, 
tr.evr  chara'^teri'.'^i^s  were  natura'/.y  and  per  se  objectionable. 
At  any  rate,  he  has  apparently  not  recognized  or  emphasized 
certain  advanta^'fs  on  the  side  of  the  alternating-current  motor. 
In  certain  cases  the  voltage  control  can  give  a  higher  speed  than 
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normal  to  a  motor  in  service.  The  application  of  higher  voltage 
gives  not  only  higher  speed,  but  greater  output  as  well.  Some- 
thing of  the  same  nature  is  attained  by  field-control  in  the 
direct-current  motor,  but  the  field-control  is  a  method  of  adjust- 
ing speed  without  increasing  the  capacity  of  the  motor.  The 
same  voltage  is  applied,  and  the  permissible  current  through  the 
motor  remains  the  same,  and  hence  its  capacity  is  not  increased. 
But  with  the  alternating-current  motor  an  increased  voltage  is 
applied  to  the  motor  which  gives  an  increased  output,  with  the 
same  current  going  through  its  armature,  The  paper,  further- 
more, gives  but  little  consideration  to  the  advantages  inherent 
in  the  alternating-current  system  between  the  power  house  and 
the  train,  through  the  elimination  of  synchronous  converters 
and  the  reduced  current  to  be  carried.  The  rheostatic  losses  in 
direct-current  equipments,  a  matter  which  in  some  kinds  of  ser- 
vice is  of  considerable  importance,  has  not  been  touched  upon. 

The  matter  of  electrical  braking  has  been  referred  to.  A  paper 
on  braking  with  single-phase  motors  is  to  be  presented  at  the 
next  Convention  by  Mr.  William  Cooper.  The  paper  will  deal 
with  a  method  which  has  been  worked  out  and  fully  tested, 
whereby  it  is  found  that  the  single-phase  motor  lends  itself 
admirably  to  braking,  covering,  as  I  recall,  all  the  desirable 
qualities  in  braking  which  have  been  called  for  by  the  author 
and  doing  far  more  than  has  been  shown  possible  with  the 
direct -current  motor. 

H.  W.  Storer:  The  question  of  third- rail  versus  overhead  con- 
struction for  electric  railways  is  a  matter  concerning  which  it  is 
unnecessary  to  theorize,  because,  with  the  large  systems  now  in 
operation  or  about  to  be  put  in  operation,  it  will  very  soon 
be  settled  by  experience. 

I  desire  to  take  issue  with  the  author  in  regard  to  some  state- 
ments concerning  single-phase  equipment,  as  information  that 
I  have  is  entirely  at  variance  with  what  appears  in  the  paper. 
In  the  first  place,  there  are  given  fifteen  so-called  differences 
between  direct-current  motors  and  alternating-current,  single- 
phase  motors.  These  might  have  been  called,  *The  advantages  of 
direct -current  motors  as  compared  with  single-phase  motors,"  as 
this  is  what  they  are  made  to  appear.  Although  many  of  these 
are  of  little  consequence  they  will  nevertheless  be  considered  in 
order. 

1.  **  The  input  of  current  in  one  is  continuous;  in  the  other, 
intermittent.'*  Quite  true,  but  the  draw-bar  pull  is  quite  as 
effective  in  one  case  as  in  the  other 

2.  The  direct-current  motor  has  a  solid  frame  like  the  single- 
phase  motor  It  has,  further,  two  or  more  laminated  poles 
bolted  in,  and  if  the  interpole  construction  is  used  has  as  many 
more  relatively  small  and  delicate  poles.  The  alternating- 
current  motor  as  built  by  the  company  with  which  I  am  con- 
nected has,  in  all  sizes  up  to  a  diameter  of  38  in.  field  punchings 
made  in  a  single  piece  and  built  up  and  keyed  in  the  frame, 
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making  it  as  solid  a  construction  as  an  armature  on  its  spider. 
The  claim  for  less  rigidity  in  the  single-phase  motor  is,  therefore, 
not  sustained. 

3.  **  One  has  exposed  and  hence  freely  ventilated  field-coils; 
the  other  has  field-coils  embedded  in  the  field-magnets/'  It  is 
known  to  most  motor  designers  that  coils  in  contact  with  iron  will 
dissipate  heat  much  faster  than  when  in  the  open  air.  This  is 
especially  true  of  coils  in  an  enclosed  motor.  I  have  repeatedly 
noticed  that  motor  field-coils  which  have  been  removed  on 
account  of  roasting,  have  shown  the  insulation  in  contact 
with  the  pole  pieces  to  be  in  good  condition,  while  other  sides 
were  badly  roasted.  I  know,  therefore,  that  in  respect  to  venti- 
lation of  field-coils,  the  single-phase  motor  is  superior  to  the 
direct-current  motor.  Smaller  cross-section  of  coils  also  allows 
the  heat  to  be  radiated  better  in  single-phase  motors,  and 
the  fact  that  a  large  part  of  the  loss  in  the  motor  is  concentrated 
in  the  field  iron  will  enable  the  motor  to  dissipate  a  much  larger 
amount  of  heat  for  a  given  temperature-rise  than  will  a  direct- 
current  motor. 

4.  Concerning  "  polar  clearances."  Many  thousands  of 
direct-current  motors  are  to-day  in  operation  with  a  clearance 
of  \  in.  to  A  i^-  between  poles  and  armatures,  and  in  practi- 
cally, all  cases  where  more  than  ^  in.  clearance  is  used  it  is  for 
electrical  reasons.  Further,  while  the  smaller  air-gap  used  for 
single-phase  motors  was  at  first  much  feared,  the  fears  have 
proved  to  be  without  foundation  and  the  present  clearances  of 
from  0.1  in.  to  0.15  in.  have  proved  to  be  ample  and  fully  as  good 
as  0.15  in.  to  0.25  in.  in  direct-current  motors,  because  there  is 
no  unbalanced  magnetic  pull. 

i  6.  Concerning   **  torque."     The  torque   of  an  armature  is 

■  the  pull  it  will  exert  at  one-foot  radius.     Therefore  it  makes 

no  difference  in  the  result  whether  it  is  obtained  with  large  flux 

[  and  few  armature  conductors,  or  vice  versa. 

\  6.  "  A  much  larger  diameter  of  armature  and  commutator, 

!  and  runs  at  a  much  higher  speed."     This  is  a  very  general  state- 

\  ment :  what  are  the  facts  ?     The  armature  diameters  ordinarily 

run  from  5  to   15%  larger  than  for  direct-current  motors  of 

I  corresponding  output.     It  is  undoubtedly  true  that  the  armature 

I  speeds  of  the  earlier  single-phase  motors  were  much  higher  than 

;  the  speeds  of  corresponding  direct-current  motors;  at  the  present 

time,  however,  the  speed  at  the  nominal  rating  of  the  motor  is 

practically  the  same  as  that  of  direct-current  motors,  and  the 

maximum  operating  armature  speeds  are  within  the  safe  limits 

set  for  direct-current  motors. 

7.  Concerning  *'  gear-reduction  and  gear-pitch."  The  gear- 
reduction  depends,  of  course,  upon  the  speed;  and  as  far  as  gear- 
pitch  is  concerned,  I  wish  to  say  that  the  same  gear-pitch  is  used 
for  single-phase  motors  as  for  direct-current  motors  of  the  same 
capacity. 

8.  "  The  windings  of  one  are  subject  to  electrical  strains  of 
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one  character;  in  those  of  the  other  the  strains  are  of  rapidly 
variable  and  alternating  character."  No  conclusion  is  drawn 
from  this.  It  may  be  of  interest  to  know  that  there  have  been 
a  number  of  instances  where  the  single-phase  motor  has  broken 
down  in  service  on  a  direct-current  section  of  the  line,  necessitat- 
ing cutting  it  out  of  the  circuit ;  but  when  the  car  reached  the 
alternating-current  section  of  the  line  it  has  been  again  connected 
in  circuit  and  operated  satisfactorily,  thus  indicating  that  the 
electrical  strains  with  alternating  current  are  less  severe  than 
with  direct  current. 

9  and  10.  Concerning  the  "  variable  torque  of  the  single- 
phase  motor."  No  comment  is  made  as  to  the  relative  merits 
of  uniform  or  pulsating  torque.  In  a  recent  discussion  before 
the  Institute,  Mr.  Potter  called  attention  to  certain  charac- 
teristics of  the  torque  exerted  by  an  alternating-current  motor, 
especially  when  it  reaches  the  slipping  point  of  the  wheels.  It 
was  stated  that  there  is  an  apparent  advantage  in  the  pulsating 
torque,  because,  when  the  motor  starts  to  sUp  it  does  not  im- 
mediately decrease  its  mean  torque,  as  is  done  in  the  case  of  the 
direct-current  motor,  but  slips  in  a  series  of  jerks  apparently 
regaining  the  hold  on  the  rail  at  every  pulsation. 

11.  Concerning  the  *'  number  of  poles."  The  paper  states 
that  the  direct-current  motor  has  '*  two  or  four  main  poles 
only."  No  direct-current  motors  built  in  the  last  15  years 
except  those  on  the  New  York  Central  locomotives  have  less  than 
four  poles.  The  paper  states  that  the  alternating-current 
motor  has  **  eight  to  fourteen  poles."  The  single-phase  motors 
built  by  the  company  with  which  I  am  connected  have  four 
poles  for  all  sizes  up  to  and  including  125  h.p.  The  largest 
single-phase  motor  thus  far  built  has  a  capacity  of  500  h.p.  It 
has  but  12  poles. 

12.  Concerning  *'  a  high  torque  while  standing  still."  As  we 
understand  the  matter,  railway  motors  are  designed  to  move 
a  train  rather  than  to  hold  it  at  rest.  At  the  same  time  we  know 
that  the  single-phase  motor  is  amply  protected  against  mistakes 
of  motormen  in  leaving  the  current  on  the  motor  for  a  half- 
minute  or  so  with  brakes  set. 

13.  Concerning  *'  resistance  in  commutator  leads."  It  is  well 
known  that  the  resistance  leads  used  in  single-phase  amatures 
are  for  the  purpose  of  reducing  to  a  minimum  the  loss 
due  to-  the  transformer  action  in  the  short-circuited  coil. 
Their  presence  is  fully  justified  and  the  efficiency  is  higher  than 
it  would  be  if  they  were  not  used. 

14.  This  refers  to  relative  weights  concerning  which  I  shall 
have  something  to  say  farther  on. 

15.  On  this  point  I  agree  absolutely  with  the  author.  There 
is  one  type  of  construction  to  which  the  single-phase  motor  is 
not  adapted.     This  is  so  far  employed  in  only  a  single  case. 

More  or  less  is  said  in  the  paper  concerning  the  lower  efficiency 
of  the  single-phase  motor,  and  inference  might  be  drawn  that 
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it  IS  about  10%  lower  than  that  of  the  corresponding  direct- 
current  motor.  Just  to  show  what  modem  motors  are  capable 
of  doing,  I  give  below  in  parallel  columns  the  efficiencies  of 
corresponding  sizes  of  direct-  and  alternating-current  motors  at 
different  percentages  of  their  full-load  torque. 


Percent,  of 

Direct-current 

Alternating 

Direct -current 

Alternating 

full-load 

90  h.p. 

current  25- 

200  h.p. 

current  15- 

torque 

motor 

cycle,  100  h.p 
motor 

motor 

cyde.  200h.p 
motor 

125 

86.25 

82. 

88.8 

87.3 

100 

86.8 

85. 

89. 

88. 

80 

87. 

86. 

89.2 

88.3 

60 

86.5 

86.8 

88.8 

87.7 

40 

a5. 

86. 

87. 

85. 

25 

82. 

82.5 

84. 

82. 

From  this  it  does  not  appear,  within  the  ordinary  range  of 
tractive  efforts  exerted  by  railway  motors,  that  the  single-phase 
motor  is  so  far  deficient.  In  fact,  it  comes  remarkably  close  to 
that  of  the  direct-current  motor. 

Concerning  the  comparison  between  the  125-h.p.  and  the 
so-called  245-h.p.  motor  contained  in  the  paper,  I  take  issue, 
with  the  author.  In  my  opinion  the  only  reasonable  way  to 
compare  the  performance  of  single-phase  motors  with  that  of 
direct-current  motors  is  to  assume  a  car  with  a  certain  seating 
capacity,  and  then  consider  what  equipment,  alternating  current 
or  direct  current,  is  suitable  for  this  service.  It  is  not  fair 
to  assume,  as  is  done  in  the  book  by  Messrs.  Parshall  and  Hobart, 
a  car  of  a  certain  total  weight,  carrying  in  one  case  fewer  pas- 
sengers than  in  the  other.  The  object  of  a  railway  company  is  to 
accommodate  a  given  traffic.  It  follows,  therefore,  that  an  equip- 
ment should  be  provided  which  will  be  serviceable.  Motors 
should  be  selected  on  the  basis  of  their  speed-time  curves  and 
in  accordance  with  their  particular  characteristics,  rather  than 
upon  the  simple  horse-power  basis.  Further,  it  is  imfair  to 
take  an  isolated  case  of  a  single-phase  motor  which  may  be 
heavier  than  the  ordinary  and  compare  it  with  a  direct-current 
motor  which  is  certainly  much  lighter  than  ordinary  motors  of 
that  capacity.  If,  in  seeking  to  compare  the  two  types  of  motors, 
the  author  had  taken  the  25-cycle,  75-h. p.,  single-phase  motor 
referred  to  later  on  in  the  paper  his  conclusions  might  have  been 
quite  different.  The  weight  which  he  assigns  is  4199  lb.  The 
weight  of  the  corresponding  direct-current  motor  is  3500  to  4200 
lb.  Moreover,  if  the  single-phase  motor  to  which  he  refers  were 
operated  on  15  cycles  instead  of  25,  its  output  would  be  90  to 
95  h.p.,  which  would  lead  to  conclusions  quite  at  variance  with 
others  in  the  paper.     The  weight  of  a  quadruple  equipment  of 
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90-h.p.  direct-current  motors  furnished  by  the  company  with 
which  I  am  connected  would  be  approximately  20,000  lb.  The 
corresponding  weight  of  a  quadruple  equipment  of  90  h.p.,  15- 
cycle  motors  with  oil-insulated  transformers  equipped  for  11,000 
volts  would  be  approximately  27,500  lb.,  an  increase  of  about 
37.5%.  This  extra  weight  added  to  a  40-ton  car  would  amount 
to  about  10%.  Owing  to  the  greater  efficiency  in  controlling 
single-phase  motors,  the  power  consumption  of  the  car,  including 
transformers,  would  in  most  classes  of  service  be  approximately 
the  same  as  that  of  the  direct-current  motor  at  the  trolley  and 
would  be  much  less  at  the  power  house.  I  wish  to  say,  further, 
that  a  carfor  passenger  service  can  be  equipped  with  two  200-h.p., 
15-cycle,  single-phase  motors  giving  ample  clearance  on  37-in. 
wheels,  and  that  these  two  motors  will  operate  a  car  with  the 
same  power  consumption  per  car-mile  at  the  car  on  runs  as  long 
as  five  or  six  miles  as  would  be  obtained  with  a  car  of  the  same 
capacity  operated  with  an  equipment  of  200-h.p.,  direct-current 
motors.  On  shorter  runs  the  relative  power  consumption  would 
be  less. 

Now,  concerning  the  use  of  high- voltage  direct  current. 
Motors  can  certainly  be  built  to  commutate  satisfactorily  on  1200 
volts  direct  current.  Such  motors,  however,  must  restrict  the 
voltage  between  bars  to  a  safe  limit,  and  have  extra  space  for 
insulation.  The  construction  of  this  motor  would  therefore  put 
it  on  a  par  with  the  15-cycle,  single-phase  motor  both  in  weight 
and  dimensions.  Moreover,  it  would  have  practically  the  same 
air-gap  in  moderate  sizes  of  motors,  and  might  possibly  have 
to  be  designed  with  the  same  style  of  compensating  winding 
on  the  field  as  is  now  used  for  single-phase  motors.  It  would 
have  in  addition  the  disadvantage  of  a  high  voltage  always 
present  on  the  windings  and  brush-holders.  If  it  were  not  for 
the  greater  possibilities  of  the  single-phase  system,  there  is  no 
doubt  but  that  the  high-voltage,  direct-current  motor  would  be 
quite  attractive.  As  it  is,  I  believe  that  systems  should  be 
developed  which  ofTer  the  best  solution  for  the  entire  railway 
problem.  To  attempt  to  develop  a  number  of  systems  would 
result  in  not  only  scattering  the  energies  of  manfuacturing  com- 
panies, but  would  retard  the  ultimate  solution  and  supply  the 
railways  with  a  heterogeneous  collection  of  equipments  that 
would  postpone  standardization  for  many  years. 

G.  R.  Henderson:  I  am  particularly  pleased  to  find  that  the 
writer  of  the  paper  does  not  claim  that  electrification  is  a  panacea 
for  all  railroad  ills,  but  when  applied  to  individual  cases  which 
have  been  intelligently  studied  and  found  to  be  suitable  for  such 
treatment,  satisfactory  results  may  be  expected. 

That  success  depends  upon  traffic  density  is  made  clear,  and 
the  importance  of  the  load-factor  is  brought  out,  and  I  heartily 
agree  with  the  assertion  that  trunk-line  operation  is  vastly  differ- 
ent from  suburban  service.  As  the  two  extremes,  consider  the 
New  York  subway,  with  constant  trains  at  short  intervals,  and 
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a  division  on  a  western  road  handling  stock  almost  exclusively. 
There  are  one  or  two  days  a  w^eek  when  the  stock  must  be 
brought  to  market,  and  perhaps  from  12  to  20  trains  will  be  run 
in  one  direction,  possibly  up-grade,  at  15-  or  30-minute  intervals, 
as  the  market  must  be  reached  in  time  to  avoid  claims.  Then 
for  four  or  five  days  there  may  be  nothing  but  one  or  two  pas- 
senger trains  and  a  local  freight.  Can  any  one  imagine  a  railroad 
company  rash  enough  even  to  think  of  electrifying  its  road  in 
such  a  case?  The  power  house  and  conductors  would  have  to 
be  proprotioned  for  the  maximum  traffic,  but  the  average  load- 
factor  would  not  be  ten  per  cent.  Operating  methods  can  no 
doubt  be  changed  in  many  cases  to  advantage,  in  electric  trac- 
tion, but  such  traffic  as  I  have  referred  to  cannot  be  altered  to 
suit  transportation  requirements. 

The  important  factor  of  financial  success  is  also  brought  out 
in  the  statement  that  unless  a  commensurate  return  on  the  in- 
creased investment  can  be  assured,  steam  locomotives  will  not 
be  abandoned.  This  item  of  first  cost  is  an  important  one, 
when  we  consider  that  one  horse  power  in  steam  locomotives 
costs  about  $10,  and  in  power  house,  lines,  etc.,  about  $100. 
Electric  locomotives  themselves  cost  double  the  amoimt  of  steam 
locomotives,  and  as  the  average  cost  of  coal  in  the  Uinted  States 
does  not  exceed  $1.50  or  $2  a  ton,  little  may  be  obtained  from  fuel 
economy. 

The  great  possibility  of  the  electric  locomotive  in  freight 
service  (and  this  is  usually  the  dividend-earning  part  of  the 
traffic)  seems  to  lie  in  the  increased  power  available  by  small 
reductions  in  draw-bar  pull  corresponding  to  increase  in  speeds; 
but  the  relative  value  for  each  and  every  line  can  only  be  deter- 
mined by  making  a  careful  study  of  all  the  factors  involved  for 
that  particular  piece  of  track.  Comparisons  with  other  roads 
may,  therefore,  be  not  only  useless  but  positively  dangerous, 
unless  all  the  conditions  are  understood.  These  computations 
are  laborious,  but  absolutely  necessary.  When  we  consider  the 
different  rates  of  pay  and  the  cost  of  commodities  in  various  parts 
of  the  country,  and  the  effect  of  physcial  conditions  of  the  track, 
we  realize  the  importance  of  careful  analyses.  By  varying  the 
train  load  we  can  run  the  cost  of  transportation  per  ton-mile  to 
double  the  minimum  figure,  the  charges  for  material  and  labor 
remaining  constant,  which  shows  how  complicated  will  be 
the  deductions  from  a  thorough  investigation  of  the  subject,  but 
unless  so  made  they  may  be  worthless.  Characteristic  power 
curves  of  both  steam  and  electric  locomotives  would  naturally 
form  the  basis  for  such  a  comparison,  and  these  should  be  care- 
fully laid  out;  and  then  by  making  combinations  of  diagrams 
representing  the  locomotive  power  and  train  resistance,  the  im- 
portant fundamental  advantages  can  be  deduced  for  a  variety 
of  conditions. 

According  to  the  writer,  regeneration  is  not  promising  as  a 
method  of  reducing  power  consumption  any  more  for  electric 
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than  for  steam  traction,  but  it  may  reduce  brake-shoe  wear  and 
lengthen  the  life  of  wheels.  It  could  not  replace  the  air-brake, 
however,  for  obvious  reasons,  but  might  be  compared  in  its 
action  to  the  Le  Chatelier  or  Sweeney  brake.  Even  air-brakes 
are  now  arranged  so  that  they  can  be  held  upon  the  locomotive 
while  re-charging  the  train  on  long  grades,  and  retarded  release 
is  provided  so  that  the  rear-end  brakes  let  go  first. 

I  am  glad  to  see  that  multiple-imit  control  is  not  considered 
feasible  for  freight  operation,  and  that  the  great  difference  be- 
tween this  and  suburban  transportation  is  made  clear.  We 
heartily  agree  that  it  would  not  be  wise  to  attempt  to  handle 
heavy  trains  on  steep  grades  with  one  man,  and  the  legislators 
would  no  doubt  prevent  it.  The  presence  of  a  third  man  on 
locomotives  of  the  Wooten  type  has  often  been  discussed  by  our 
lawmakers,  and  the  single  man  and  multiple-unit  control  would 
certainly  excite  much  opposition. 

Having  had  twenty-five  years'  practical  experience  on  rail- 
roads from  the  Atlantic  to  the  Pacific,  some  of  them  operating 
on  3.5%  grades  over  the  Rocky  Mountains,  I  cannot  too  heartily 
express  my  approval  and  endorsement  of  the  very  conservative 
statements  and  the  sound  logic  enunciated  in  this  paper;  I 
believe  that  if  these  points  are  constantly  kept  in  mind  there 
will  be  few  electrifications  to  criticise  unfavorably,  and  that 
those  who  decide  to  abandon  the  steam  locomotive  will  be  able 
so  to  fortify  their  position  with  convincing  figures  and  data  that 
financiers  will  provide  the  funds  and  the  results  will  justify  the 
expenditures  necessary  for  the  work.  While  I  do  not  expect  to 
see  the  steam  locomotive  driven  **  off  the  earth  ",  and  am 
confident  that  for  many  years  it  will  still  be  found  performing 
most  of  the  work  of  transportation  in  this  country,  yet  I  do 
believe  that  the  electric  locomotive  is  bound  to  increase  rapidly  in 
number  and  in  favor,  and  that  each  in  its  own  proper  sphere, 
steam  and  electric  traction,  will  cooperate  to  the  advancement  of 
transportation  and  the  increase  of  prosperity. 

William  McClellan:  It  is  to  be  regretted  that  the  author  has 
thought  it  wise  to  spend  so  much  time  comparing  motors  when 
it  is  well  known  that  the  single-phase  motor  is  not  equal  in 
weight-coefficient  or  efficiency  to  the  direct-current  motor. 
From  a  practical  standpoint  the  comparison  should  be  made 
on  the  complete  system  from  the  coal-pile  to  the  transported 
load.  My  experience  in  making  comparisons  of  the  several 
systems  for  diflerent  roads  confirms  the  figures  stated  by  those 
who  have  discussed  the  paper  rather  than  the  figures  of  the  author. 
After  operating  an  ll,00()-volt,  multiple-unit  train  under  extreme 
weather  conditions  and  heavy  overload,  it  is  a  pleasure  to  report 
that  the  equipment  is  extremely  flexible  in  every  way  and  gives 
remarkably  smooth  operation.  The  control  of  motor  voltages 
by  the  transformer  taps  seems  to  make  for  very  smooth  accelera- 
tion. The  examination  of  the  commutators  with  covers  off 
showed,  under  heavy  overload,  sparkless  or  black  commutation. 
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Even  when  one  of  the  cars  was  acting  more  as  a  locomotive  i-han 
as  a  motor-car  this  was  true.  In  these  circumstances  it  is 
particularly  gratifying  to-night  to  learn  that  even  better  conditions 
can  be  expected  trom  equipments  produced  now. 

The  author's  paper  spells  the  word  "  capacity."  First, 
capacity  of  the  truck  for  motors;  secondly,  capacity  of  the  track- 
age for  traffic.  We  certainly  must  all  agree  with  the  latter 
argument .  There  is  little  doubt  that  the  electric  motor  can  be  intro- 
duced on  steam  railroads  more  easily  by  showing  that  the  capac- 
ity of  the  ultimate  trackage  in  a  given  locality  can  be  increased 
more  by  electrifying  than  by  any  other  motive  power.  It  is 
probable  that  hundreds  of  miles  of  trunk-line  electrification  will 
be  installed  for  this  reason,  before  there  will  be  sufficient  inform- 
ation on  the  relative  cost  of  operation  and  similar  data. 

It  does  not  seem,  however,  that  the  capacity  of  the  truck  to 
receive  sufficient  motor  power  will  ever  be  a  serious  menace  to 
the  success  of  the  alternating-current  motor,  even  if  the  present 
weight-coefficient  is  not  improved.  This  objection  obtains  chiefly 
in  connection  with  locomotive  design.  It  should  not  be  forgot- 
ten that  almost  all  electrification  so  far  has  been  in  connection 
with  terminal  work  where  an  electric  locomotive  must  receive 
a  train  from  a  steam  locomotive  for  a  short  run  through  a  tunnel 
or  otherwise.  The  more  I  study  the  problem,  the  more  I  am 
convinced  that  when  we  come  to  the  electrification  of  a  whole 
division,  we  shall  depart  from  locomotive  practice  and  turn  to 
multiple-unit  equipment.  Even  for  through  service  it  is  more 
than  likely  that  it  will  be  found  cheaper  in  the  end,  more  elastic, 
and  less  liable  to  cause  delays  on  the  road.  This  has  been 
forcibly  impressed  on  me  recently,  while  making  some  trial  rinis 
with  new  multiple-unit  trains  on  a  trunk-line  division.  Several 
times  minor  accidents  happened  which,  had  the  motive  power 
been  concentrated  in  one  unit,  would  have  stalled  the  train  for 
some  time.  With  the  multiple-unit  train,  however,  it  was  very 
easy  to  cut  out  one  car  and  make  a  run  in  without  seriously 
disturbing  the  schedule. 

Even  in  connection  with  freight  traffic  our  present  ideas  may 
have  to  undergo  a  radical  change.  As  we  understand  it  now. 
receipts  are  per  ton-mile  while  expenses  are  per  train-mile. 
There  is  a  possibility,  however,  that  with  electric  operation  we 
may  be  able  yet  to  show  that  the  quickest  and  least  expensive 
method  of  getting  freight  over  a  given  division  is  not  always  by 
means  of  the  longest  train  and  the  heaviest  locomotive. 

In  view  of  the  fact  that  most  of  the  engineers  who  are  ardently 
expressing  faith  in  the  single-phase  motor  are  at  the  same  time 
advising  the  use  of,  and  installing,  650-volt  third-rail  and  over- 
head apparatus,  it  is  a  pity  that  there  should  be  an  opinion  held 
that  we  are  divided  into  hostile  camps.  Arguments  compar- 
ing overhead  construction  with  third-rail  have  been  made  so 
exhaustively  and  so  frequently  that  there  is  little  use  here  in 
repeating  them.  Since  both  are  being  introduced  in  various 
places  we  can  afford  to  wait  for  time  to  bring  out  the  truth. 
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There  are  reasons,  however,  why,  for  trunk-line  operation, 
opinion  seems  to  be  so  strongly  in  favor  of  the  single-phase 
motor:  first,  it  is  generally  acknowledged  that  on  account  of 
expense  and  complexity  of  power  distribution  a  660-volt,  third- 
rail  installation,  no  matter  how  well  done,  will  never  solve  trunk- 
line  electrification.  It  seems  evident  that  the  case  demand! 
a  high  voltage,  which  in  turn  necessitates  an  overhead  structure. 
If  the  present  single-phase  motor  is  not  adequate  or  satisfactory, 
it  must  be  improved  or  another  type  designed.  If  the  present 
type  of  catenary  construction  fails  in  service,  it  may  have  to 
undergo  radical  change.  In  spite  of  these  details,  of  the  highest 
importance  as  they  are,  the  general  statement  in  regard  to  the 
system  remains  true. 

Secondly,  the  electrical  engineer  must  follow  the  engineer-of- 
way.  The  former  must  electrify  whatever  system  of  trackage 
the  latter  demands  for  moving  his  traffic.  In  large  terminals 
and  busy  yards,  unless  present  methods  of  switching  can  be 
revolutionized,  the  third-rail  is  not  always  available.  I  do 
not  know  of  any  extensive  proposition  where  the  third-rail  had 
been  adequate  in  such  cases.  The  paper  itself,  tho'^gh  slight - 
ingly»  refers  to  one  large  terminal  where  considerable  overhead 
structure  had  to  be  introduced.  This  adds  undesirable  com- 
plexity to  the  car  and  locomotive  equipments.  In  this  con- 
nection it  must  be  remembered  that  locomotive  shoes  will  proba- 
bly not  span  a  gap  much  greater  than  25  ft.  This  fact  intro- 
duces troubles  not  met  with  in  connection  with  multiple-unit 
trains. 

Thirdly,  every  large  road  is  a  problem  which  must  be  consid- 
ered financially  on  its  own  merits,  but  technically  in  relation  to 
the  whole  system  and  to  other  roads  with  which  it  may  come  in 
contact.  That  system  of  electrification  which  may  be  most 
suitable  for  the  operation  of  a  large  terminal  may  be  one  which 
it  is  unwise  for  the  road  to  adopt,  because  sooner  or  later  this 
may  have  to  be  extended  to  the  whole  system.  Neither  can 
the.  largest  roads  afford  to  ignore  absolutely  what  other  roads  are 
doing  in  the  way  of  electrification.  The  modem  trend  of  enter- 
prise is  towards  consolidation,  exchange,  and  pooling.  There 
is  in  process  of  formation,  or  perhaps  already  finished,  a  freight- 
car  pool  among  the  larger  roads  of  the  country;  it  is  not  beyond 
possibility  that  ten  years  from  now  may  see  a  pooling  more  or 
less  complete  of  passenger  cars;  and  there  is  no  doubt  that 
many  parallel  roads  to-day  could  adopt  joint  track  agreements 
to  the  advantage  of  both  and  the  great  advantage  of  their  patrons. 
It  is  these  possibilities  that  a  road  must  keep  in  mind  when  it 
starts  to  electrify,  or  it  may  later  have  to  expend  enormous  sums 
of  money  to  bring  itself  into  ccjnformity  with  a  larger  system  of 
which  it  may  become  a  part.  Therefore,  reasonable  standard- 
ization is  one  of  the  things  we  should  havn  on  our  minds  all  the 
time.  No  question  should  be  decided  without  considering 
this  point  of  view. 
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A.  H.  Armstrong:  It  is  very  difficult  for  the  writer  to  share 
the  confidence  expressed  by  some  of  the  previous  speakers  as  to 
the  exact  trend  of  future  railroad  engineering.  This  is  an  age 
of  development.  Things  change  over  night  and  impressions 
formed  last  week  are  quite  likely  to  stand  in  need  of  modification 
in  the  light  of  more  recent  developments.  In  this  connection 
I  may  state  that  my  impressions  of  alternating-current  motor 
performance,  which  have  been  gradually  forming  as  the  result 
of  several  years'  experience  with  such  motors,  have  been  very 
agreeably  shaken  by  tests  witnessed  during  the  last  few  weeks. 

I  had  an  opportunity  to  witness  a  test  on  a  125-h.p.  series  com- 
pensated alternating-current  motor  operating  at  50%  overload. 
The  commutation  was  excellent,  as  good  as  that  of  present 
direct-current  motors,  and  was  obtained  by  certain  recent 
modifications  in  motor  design  and  connections. 

New  developments  are  not  confined  to  any  one  type  of  ap- 
paratus. The  direct-current  motor  has  exemplified  this  in  the 
vast  improvements  made  in  the  last  year  by  the  introduction 
of  the  so-called  commutating-pole  type  of  motor,  which  practi- 
cally eliminates  the  question  of  commutation  as  a  disturbing 
factor.  Owing  also  to  the  development  of  the  commutating 
pole,  it  is  possible,  with  the  better  results  obtained,  to  wind  such 
motors  for  1200  volts.  The  commutation  of  these  1200-volt 
motors  is  even  better  than  the  600-volt  motors  hitherto  used. 
It  is,  therefore,  hard  to  predict  with  any  certainty  just  exactly 
what  field  is  covered  by  any  one  type  of  apparatus.  We  now 
have  offered  direct-current  motors  of  600  and  1200  volts  that 
give  practically  perfect  commutation,  very  high  efficiency,  and  an 
adaptability  of  design  that  makes  such  motors  applicable  to  a 
wide  range  of  railway  problems.  We  have  also  recent  evidence 
that  the  alternating-current  motor  can  be  so  improved  as  to 
approximate  closely  the  present  performance  of  the  direct-current 
motor  not  having  commutating  poles.  Such  improvements 
must  have  considerable  weight  in  determining  the  future  field 
of  application  of  this  type  of  motor.  I  will  say  for  the  benefit 
of  those  that  are  anxious  to  standardize  the  frequency  of  15 
cycles,  that  the  tests  I  have  reference  to  were  made  at  25  cycles, 
and  seemed  to  indicate  that  a  thoroughly  good  alternating- 
current  motor  could  be  built  without  the  necessity  of  adopting  a 
new  frequency  with  all  the  incidental  complications  involved  in 
so  doing. 

Mr.  Ferguson  has  expressed  an  opinion  to  the  effect  that  the 
railway  load  in  and  around  large  cities  like  New  York  and  Chicago 
represents  only  about  25%  of  the  total  electric  power  developed, 
in  these  territories.  The  use  of  25  cycles  is  almost  imiversal 
in  and  around  large  cities,  and  it  would  become  a  very  serious 
commercial  matter,  owing  to  like  conditions  over  all  the  country,, 
if  the  future  of  the  alternating-current,  single-phase  motor  de- 
pended upon  the  adoption  of  a  lower  frequency. 

I  find  myself  repeating  the  advice  given  by  Mr.  Wilgus,  to 
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the  effect  that  the  electrification  of  our  steam  roads  calls  for 
cool,  unprejudiced,  common-sense  engineering.  Like  him  I 
believe  tnat  the  cause  is  injured  by  too  strong  enthusiasm  for 
any  one  type  of  apparatus,  and  the  best  showing  can  only  be 
secured  by  considering  the  type  of  apparatus  best  ^suited  for  the 
particular  needs  of  the  road  in  question  as  determined  after  a 
very  careful  unbiased  investigation  of  the  local  requirements. 

C.  P.  Steinmetz:  I  wish  to  endorse  the  statement  that  we 
are  not  yet  ready  to  standardize  one  type  of  railway  motor*  or 
one  method  of  electrifying  steam  railways.  We  phall  not  be  ready 
to  do  so  for  some  time ;  perhaps  never.  I  agree  with  Mr.  Wilgus 
that  each  railway  problem  should  be  considered  on  its  own 
merits.  The  proper  method  of  solving  the  problem  in  hand 
should  be  to  apply  the  standard  that  has  been  found  satisfactory 
by  extended  experience,  and  not  deviate  therefrom  except  where 
it  is  absolutely  necessary.  As  has  already  been  said,  the  problem 
before  us  is  to  substitute  electric  motors  for  steam  locomotives 
where  the  conditions  of  service  have  grown  beyond  the  capacity 
of  steam  locomotives.  Whether  the  alternating-current  or  the 
direct-current  motor  has  the  advantage  is  rather  a  secondary 
question;  the  main  question  should  not  be  lost  sight  of  in  dis- 
cussing conflicting  claims  for  the  one  or  the  other  type  of  motor. 
At  present  there  is  an  alternating-current  motor  and  a  better 
direct-current  motor,  regardless  of  the  contention  that  the 
alternating-current  motor  is  equal  to  the  direct-current  motor; 
for  at  the  same  speed  and  same  energy  input  there  is  ra^^ed  in 
the  direct-current  motor  the  power  lost  in  commutating,  and 
that  lost  as  hysteresis  in  the  field.  The  heating  is  less,  and  con- 
sequently the  efficiency  is  greater.  Now  since  the  mechanical 
output  or  capacity  of  the  railway  motor  is  controlled  by  the  heat- 
ing, the  alternating-current  motor  on  a  direct-current  circuit 
gives  the  same  mechanical  output  at  a  lower  temperature ;  with 
the  same  temperature  it  gives  a  larger  output 

There  is  a  class  of  service  where  alternating-current  motors 
are  necessary — a  long  railway  with  infrequent  and  irregular 
service,  and  a  considerable  amount  of  fluctuating  freight  traffic — 
in  short,  conditions  where  synchronous  converter  sub-stations 
would  show  a  poor  load-factor.  In  such  cases,  direct-current 
operation  appears  impracticable,  and  here  is  the  field  for  the 
alternating-current  motor  or  the  steam  locomotive.  Where 
there  is  a  4-track  or  a  6-track  railway  with  traffic  so  hea\'y  that 
the  distance  between  trains  is  limited  only  by  safe  headway, 
the  load  on  the  converter  sub-station  is  so  nearly  constan**-, 
the  load-factor  so  great,  the  rapidity  of  acceleration  required 
so  considerable,  and  the  maximum  capacity  of  the  mo+or  aO 
great  that  the  advantage  is  decidely  in  favor  of  the  direct-current 
motor.  In  such  cases  there  is  no  excuse  for  using  alternating- 
current  motors. 

I  do  not  share  the  objections  to  the  synchronous  con^'^erter, 
and  do  not  believe  there  is  any  gain  in  reliability  in  eliminating 
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this  link.  It  is  ai\  advantage  in  a  system  to  eliminate 
some  of  the  links,  but  what  wants  to  be  eliminated  is  the  weakest 
link,  and  that  is  not  the  synchronous  converter,  but  the  motor. 
A  synchronous  converter  is  about  the  strongest  link.  However, 
between  these  two  extremes  there  is  a  very  wide  field  where  either 
the  alternating-current  or  the  direct-current  motor  may  be  used, 
or  rather  where  different  engineers  may  be  justified,  impartially, 
in  arriving  at  different  conclusions;  but  what  should  be  guarded 
against  is  the  adoption  of  any  one  system  which  precludes  one 
for  ever  from  changing  over  to  any  other  system.  I  refer 
specifically  to  the  adoption  of  an  arbitrary  frequency.  At 
present,  after  many  years  of  work  we  have  succeeded  in  eliminat- 
ing all  frequencies  but  the  two  now  universally  used — 60  cycles 
and  25  cycles.  At  the  present  time  all  the  heavy  power  of  the 
country  is  transmitted  at  26  cycles.  Adhering  to  this  standard 
frequency,  it  would  not  be  so  formidable  a  thing  to  use  the 
alternating-current  motor  and  then  find  that  after  all,  the 
direct-current  motor  would  be  better.  The  alternating-cur- 
rent motor  could  be  used  for  outlying  side  branches  of  a  railroad 
and  the  main  line  be  operated  with  direct-current ;  or,  inversely, 
a  start  could  be  made  with  direct  current  and  later  changed  to 
alternating  current,  provided  the  interchangeability  of  the 
system  be  not  lost  sight  of.  Herein  lies  the  harm  of  radically 
changing  the  frequency.  Compelling  one  to  adopt  a  frequency 
of  15  cycles  brings  about  a  very  serious  condition;  it  means  giving 
up  the  possibility  of  securing  the  benefit  of  interchangeability 
with  the  large  amount  of  power  now  available  at  25  cycles.  In 
brief,  15-cycles  would  be  an  odd  system,  as  odd  as  the  40-cycle 
system  is  to-day. 

In  regard  to  the  1200-volt,direct-current  motor,  my  conclusion 
is  that  the  commutation  of  this  motor  is  so  infinitely  superior 
to  the  commutation  of  any  alternating-current  motor  I  ever, 
have  seen — except  one — that  there  is  no  comparison.  As  Mr 
Armstrong  has  stated,  there  has  recently  been  developed  one 
alternating-current  motor  operating  on  heavy  overloads  with 
absolutely  sparkless  commutation.  It  is  just  as  good  as  the 
standard  direct-current  motor,  or  probably  a  little  better. 

Frank  J.  Sprague:  Owing  to  the  lateness  of  the  hour.  I  cannot 
now  reply  to  the  various  speakers,  because  I  cannot  deliver  my 
views  in  sufficiently  condensed  form.  I  shall  have  something 
to  say  later  in  a  written  communication  to  be  inserted  in  the 
Proceedings.  I  think  possibly  the  paper  has  at  least  one  merit, 
it  bids  fair  to  bring  out  some  additional  facts  about  the  apparatus 
of  both  kinds.  The  fact  remains  that  a  good  many  millions  of 
dollars  have  been  invested  on  two  great  trunk-line  systems,  which 
will  soon  be  in  competitive  operation,  and  there  Avill  be  a  com- 
pariscm  on  these  roads  which  none  of  us  can  gainsay. 

W.  S.  Murray  (by  letter).  Conscientiously  I  find  little  in 
Mr.  Sprai^ue's  paj)er  to  discuss.  This  was  my  conclusion  at 
the  meeting ;  the  same  now.     It  seems  to  me  that  what  is  not  wrong 
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in  Mr.  Sprague's  paper  is  not  new.  In  passing,  however,  I 
cannot  fail  to  record  here  my  high  sense  of  appreciation  for  Mr. 
Stillweirs  and  Mr.  Storer's  excellent  contributions,  not  so  much 
because  they  were  refutations  of  Mr.  Sprague's  unalterable  con- 
clusions, but  for  the  valuable  data  they  contained  concerning 
the  real  relations  in  design  and  practice  between  alternating- 
current  and  direct-current  railway  motors.  Again,  it  is  difl&cult 
to  express  the  pleasure  in  noting  the  small  per  cent,  increase  in 
weight  for  equal  capacity  and  the  almost  coincident  curve  of 
efficiency.  These  cases  being  the  citations  of  the  chief  engineer 
of  the  railway  department  of  one  of  our  large  manufacturing 
companies,  and  a  consulting  engineer  who  has  shaped  the  duties 
of  many  railway  motors. 

It  would  be  my  wish  that  the  smallest  emphasis  be  placed 
on  the  efficiency  of  the  alternating-current  motor,  even  though 
its  efficiency  curve  throughout  its  complete  range  of  load  were  the 
equal  of  its  direct-current  brother.  If  efficiencies  be  con- 
sidered, let  us  discuss  the  ratio  of  the  pound  of  coal  to  the  ton- 
mile.  There  is  nothing  electrical  about  this;  it  is  within  the 
comprehension  of  steam  railway  engineers  (though  it  is  a  chain 
made  up  of  electrical  links) ;  and  if  the  ratio  proves  less  for  the 
alternating-current  than  for  the  direct-current  system,  then  we 
have  a  real  value  that  is  of  as  much  interest  to  the  banker  or 
director  interested  in  the  railroad  as  to  the  electrical  engineer 
desiring  its  use.  Would  it  not  be  better  to  consider  the  whole 
chain  rather  than  one  link?  I  welcome  the  new  weights  and 
the  new  efficiencies  for  their  corrective  ( ?)  influences  of  the  one- 
part-at-a-time  man. 

It  was  unfortimate  that  the  photographs  as  originally  shown 
in  the  advance  copies  of  Mr.  Sprague's  paper  were  so  poorly 
representative  of  the  catenary  construction.  However,  I  am 
told  these  were  the  best  the  publication  department  of  the  In- 
stitute could  produce  on  the  very  short  notice  they  received. 
Those  now  published  in  the  regular  Proceedings  are  fairly  rep- 
resentative. 

T.  J.  Johnston  (by  letter) :  While  I  am  quite  willing  to  leave 
the  discussion  of  the  engineering  features  of  Mr.  Spra^e's 
recent  paper  on  methods  of  electric  traction  to  professional 
engineers,  it  seems  to  contain  (or  perhaps  to  reiterate)  an 
economic  fallacy;  namely,  that  the  '^financial  factor"  will 
determine  whether  a  road  shall  be  electrified,  the  implication 
being  pretty  plain  that  it,  solely,  will  settle  the  question. 

The  process  so  graphically  described  by  Mr.  Sprague,  by 
which  our  present  enormous  steam  railway  system  was  built 
up,  is  now  going  on  before  our  eyes,  with  electric  railways;  that 
is,  short  lines  of  road  are  being  built,  cities  are  being  connected, 
extensions  are  being  made  and  eventually  consolidated,  until 
in  many  directions  it  is  possible  to  take  extended  trips  by 
electric  lines.  Awhile  ago  the  writer  rode  in  an  electrically 
propelled  sleeping  car,  the  comfort  of  which  may  be  imagined. 
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The  growth  thus  initiated  will  not  stop  short  of  a  sufficiently 
complete  system  of  electric  railways;  the  willingness  of  present 
railway  managers,  or  even  their  ability,  to  transform  the  power 
side  of  their  systems  need  not  be  considered  at  all.  If  these 
gentlemen  are  unable  to  raise  the  money,  they  will  be  left  with 
their  freight  business,  and  their  passengers  will  be  taken  from 
them,  even  as  now  the  interurban  roads  take  all  of  the  local 
traffic  that  is  worth  while,  leaving  the  more  expensive  and  trou- 
blesome long-distance  trains  as  a  sort  of  white  elephant  on 
the  hands  of  the  steam  road.  It  will  not  be  many  years  before 
the  large  cities  will  wholly  prohibit  the  steam  locomotive,  as 
the  Congress  has  practically  done  in  Washington. 

It  is  truly  a  serious  situation  for  the  railway  men,  with  their 
credit  hampered  by  foolish  legislation  and  equally  foolish 
popular  clamor;  while  their  electric  rivals  obtain  privileges  which 
no  one  would  grant  to  the  steam  road.  The  problem  of  finding 
the  money,  and,  after  the  money  is  found,  of  finding  the  avail- 
able working  force  is  truly  tremendous,  yet  it  must  be  solved. 
It  is  as  certain  as  anything  can  be  that  our  people  want  and 
will  have  electric  traction  on  an  increasingly  great  scale,  until 
practically  all  of  our  passenger  traffic  at  least  is  so  operated.  Nor 
will  they  be  content  with  the  present  methods  of  running 
trains.  It  is  amusing  to  see  how  a  steam  railway  man  with  a 
converted  road  on  his  hands  throws  away  the  advantage  of 
electricity  and  insists  on  running  his  cars  in  trains  every  two 
hours  or  so,  instead  of  splitting  up  the  units  and  running  one 
or  two  cars  every  few  minutes;  for  example,  the  Atlantic  Divi- 
sion of  the  Long  Island  Railroad,  upon  which  the  flexibility 
of  electric  service  is,  during  the  **  non-rush  hours,"  nearly 
thrown  away. 

Lewis  B.  Still  well  (by  letter) :  The  paper  read  by  Mr.  Henry 
St.  Clair  Putnam  and  the  writer  on  January  25  and  the  paper 
read  by  Mr.  Frank  J.  Sprague  on  May  21  bring  out  an  interesting 
and  apparently  radical  difference  of  opinion  in  respect  to  the 
question  of  choice  of  system  for  electric  operation  of  trunk-line 
railways.  In  the  former  the  opinion  was  expressed  that  alter- 
nating-current equipment  is  the  only  class  of  equipment  deserv- 
ing serious  consideration  in  connection  with  the  general  prob- 
lem of  replacing  the  steam  locomotive  by  the  electric  motor  on 
trunk-line  railways.  In  the  latter  it  is  asserted  that  *'  where 
equal  permanence  of  installation  is  provided  for  and  equal 
ultimate  as  well  as  average  duty  there  is  not  on  demonstrated 
facts  a  wide  variation  in  the  initial  cost  of  plant  ".  While  the 
position  taken  by  the  author  is  less  radical  than  it  was  in  the  oral 
discussion  of  the  paper  of  January  25,  he  devotes  a  large  part  of 
the  present  paper  to  the  presentation  of  facts  and  opinions 
which  have  led  him  to  the  conclusion  that  the  proposed  1200- 
volt,  direct -current  system  is  superior  to  the  single-phase,  alter- 
nating-current system. 

When  conclusions  radically  different  are  reached  in  a  matter 
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of  this  kind,  the  explanation  is  usually  found  by  examining  the 
premises  respectively  assumed.  In  this  case  an  examination 
of  the  paper  of  the  evening  and  consideration  of  certain  facts 
clearly  brought  out  in  the  oral  discussion  go  far  to  explain  why 
its  author  has  reached  a  conclusion  differing  so  widely  from  the 
opinions  expressed  by  Mr.  Putnam  and  myself. 

1.  It  appears  that  the  author's  conclusions  have  been  based 
largely  upon  a  radical  misconception  of  the  facts  as  to  weight 
and  performance  of  single-phase,  alternating-current  motor?  as 
compared  with  direct -current  motors.  His  reasoning  is  based 
largely  upon  the  idea  that  motors  of  the  former  t)rpe  weigh 
about  twice  as  mucn  as  those  of  the  latter  type.  Af  has  been 
clearly  shown  in  the  discussion  by  the  designing  engineers  of 
our  great  manufacturing  companies,  the  difference  in  weight  of 
26-cycle,  single-phase,  alternating-current  motors  and  550- volt, 
direct-current  motors  of  equal  output  is,  in  general,  much  nearer 
25%  than  100%;  while  the  difference  between  15-cycle,  single- 
phase  motors  and  550- volt,  direct-current  motors  of  from  100  to 
400  h.p.  is  still  less. 

The  author  places  great  emphasis  upon  the  question  of  com- 
parative motor-weights.  If  his  view  of  the  controlling  im- 
portance of  this  consideration  be  accepted,  it  would  appear  that 
the  reduction  in  the  assumed  ratio  of  weight  upon  which  his 
conclusion  so  largely  depends  from  2  to  1  to  5  to  4,  or  less, 
might  involve  a  material  modification  of  his  conclusions  regard- 
ing the  relative  values  of  the  contrasted  systems. 

2.  It  is  evident  also  from  the  paper  that  its  author  has  failed 
to  balance  accurately  the  inherent  differences  between  single- 
phase  and  direct-current  motors.  In  the  light  of  Mr.  Storer's 
oral  discussion  of  this  phase  of  the  paper,  the  majority  of  the 
assumed  disadvantages  of  the  former  disappear 

3.  An  apparent  oversight  may  further  explain  how  the  author 
has  arrived  at  his  conclusion.  I  refer  to  the  fact  that  his  paper 
ignores  the  very  important  consideration  that  in  general  a  pro- 
tected third-rail  cannot  be  located  in  any  position  upon  the 
existing  tracks  of  our  railways  which  will  not  involve  more  or 
less  interference  with  rolling  stock  equipment.  The  third-rail 
location  adopted  by  the  New  York  Central,  for  example,  makes 
it  impossible  to  operate  over  tracks  thus  equipped  large  steel  coal 
cars  of  the  type  now  so  extensively  used.  The  New  York  Central 
has  met  the  situation  by  excluding  from  its  tracks  which  have 
been  fitted  up  with  a  third-rail  certain  classes  of  rolling  stock. 
This  special  solution  may  be  satisfactory  in  this  instance,  but 
in  considering  anything  like  a  general  electrification  of  trunk- 
line  systems  the  interference  of  the  third-rail  with  rolling  stock 
constitutes  a  very  strong  argument  in  favor  of  overhead  con- 
struction. 

There  is  nothing  in  this  paper,  nor  were  any  facts  presented  in 
its  discussion,  which  justify  a  modification  of  the  opinion  which 
I  have  expressed  to  the  effect  that  the  alternating-current  system 
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is  best  adapted  to  trunk-line  operation.  The  paper  under  dis- 
cussion uses  the  660- volt,  direct-current  motor  in  such  com- 
parison of  alternating-current  and  direct-current  motors  as  it 
presents  but  in  comparing  systems  substitutes  the  1200-volt, 
direct-current  motor  for  that  of  660-volts.  This  substitution  is 
materially  easier  on  paper  than  it  would  be  found  in  dealing 
with  actual  equipment.  As  a  matter  of  fact,  the  so-called  1200- 
volt,  direct-current  system  to-day  does  not  exist  except  on  paper; 
and  while  there  is  no  doubt  that  it  can  be  developed  into  a 
working  system  the  paper  under  discussion  ignores  difficulties 
in  the  way  of  its  development  and  application  more  weighty 
than  any  which  to-day  stand  in  the  way  of  the  complete  develop- 
ment of  a  16-cycle,  single-phase  system. 

The  New  York  Central  has  equipped  its  terminal  with  direct- 
current  apparatus  operating  at  about  600  volts,  and  has  done  so 
for  reasons  which  probably  were  valid  at  the  time  the  decision 
was  made.  It  is  conceivable  that  other  railways  in  equipping 
terminals  may  be  led  by  local  considerations  to  adopt  the  same 
system.  In  the  light  of  the  discussion  of  this  paper,  however, 
it  is  difficult  to  conceive  circumstances  under  which  engineers 
would  be  justified  in  advising  the  use  of  1200-volt,  direct-current 
equipment  in  the  electrification  of  a  terminal  or  short  division 
of  railways  now  using  steam  locomotives.  The  author  of  the 
paper  has  advised  the  New  York  Central  to  use  600- volt,  direct- 
current  equipment  in  electrifying  its  New  York  terminal.  He 
intimates  that  if  called  upon  to  do  so  he  would  advise  the  Penn- 
sylvania Railroad  to  use  1200-volt,  direct -current  apparatus  for 
the  equipment  of  its  line  between  New  York  and  Philadelphia. 
Were  this  division  of  the  Pennsylvania  system  to  be  electrically 
equipped  to-day,  it  would  be  done  for  reasons  which  a  few  years 
hence  will  apply  with  almost  equal  force  to  the  company's 
lines  between  Philadelphia  and  Pittsburgh.  The  present  state 
of  the  art  as  evidenced  by  the  facts  set  forth  in  the  discussion  of 
this  paper  and  of  the  paper  presented  on  January  26  justifies  the 
statement  that  for  the  electrification  of  even  short  divisions  the 
16-cycle,  single-phase  alternating-current  system  at  the  worst  is 
not  inferior  to  the  1200-volt,  direct-current  system.  The  com- 
parative advantages  of  the  former,  of  course,  increase  very 
rapidly  with  decrease  in  frequency  of  service.  Under  conditions 
of  average  steam  railway  service  in  the  United  States,  which 
were  the  conditions  discussed  in  the  paper  presented  by  Mr. 
Putnam  and  myself  on  January  25,  the  first  cost  and  the  annual 
cost  of  the  1200-volt,  direct-current  system  as  compared  with 
the  single-phase,  alternating-current  system  practically  prohibits 
the  adoption  of  the  former.  In  view  of  these  facts  it  would 
seem  that  there  is  no  place  for  the  1200-volt,  direct-current 
system  in  connection  with  the  electrification  of  any  part 
of  our  trunk-line  systems.  The  600- volt,  direct-current 
system  will  do  the  work  satisfactorily  in  electrifying  a  terminal. 
Only  the  alternating-current  system  is  applicable,  as  the  author 
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of  this  paper  himself  suggests,  to  *'  roads  of  considerable  extent 
which  operate  an  irregular  and  sparse  traffic  ".  Between  these 
two  there  is  no  sufficient  reason  to  justify  the  introduction  of  a 
third-rail  system  which  does  not  pretend  to  solve  the  general 
problem,  which  can  be  used  only  on  tracks  from  which  certain 
classes  of  rolling  stock  are  excluded,  and  which  inevitably  would 
introduce  additional  complication  and  interference  with  the 
ultimate  standardization  of  electric  railway  equipment. 

Frank  J.  Sprague  (by  letter):  The  comments  on  my  paper 
have  been  varied  and  interesting,  sometimes  illuminating,  but 
again  marked  by  more  of  criticism  than  candor,  and  offering 
less  of  proof  than  affirmation. 

I  did  not  attempt  to  solve  the  problem  of  electric  operation  of 
trunk  line  railways,  but  rather  to  set  forth  some  general  prob- 
lems, and  certain  technical  facts  as  I  have  found  them  by  some- 
what careful  investigation. 

I  have  been  taught  by  a  modicum  of  experience  that  the 
electrical  engineer  is  apt  to  approach  the  larger  problem  of  rail- 
way electrification  with  a  superabundance  of  confidence, 
undiluted  with  practical  and  necessary  experience  in  that  par- 
ticular field.  It  has  seemed  necessary  to  utter  a  warning  against 
too  great  a  measure  of  self-reliance,  too  positive  prophecy,  and  to 
indicate  some  of  the  difficulties  in  the  way  of  achievement. 

I  prefer  to  deal  with  facts,  not  theories:  performances,  not 
promises;  and  where  these  are  at  variance,  it  is  essential  that  the 
differences  should  be  pointed  out.  I  am,  for  special  reasons, 
probably  more  anxious  than  most  members  of  this  Institute  that 
railway  electrification  shall  prove  acceptable  and  beneficial,  and 
I  welcome  every  advance,  no  matter  through  what  channel, 
which  can  contribute  one  iota  to  that  end.  So  long  as  equal 
results  are  attained,  it  hardly  seems  necessary  to  emphasize  the 
fact  that  simplicity  is  a  desideratum  of  the  utmost  consequence, 
and  I  should  be  glad  to  eliminate  every  piece  of  apparatus  be- 
tween a  central  station  and  a  motor  which  does  not  prove  essen- 
tial to  operation. 

If  I  express  some  measure  of  disappointment,  it  is  because  of 
the  fact  that  in  spite  of  all  the  work  done,  and  my  own  hopes  as 
well,  more  has  not  already  been  accomplished  in  the  single- 
phase,  alternating-current  motor  development,  and  that  neither 
it — nor  for  that  matter  what  has  been  done  with  high-potential 
direct-current  motors — warrants  approaching  the  general  rail- 
road problem  other  than  with  diffidence  and  hope,  and  makes 
us  doubly  obligated  to  urge  the  utmost  progress  along  whatever 
path  may  offer  any  advantage  whatever. 

Whatever  my  beliefs,  I  cannot  but  chafe  at  the  slowness  of 
advance,  and  the  subordination  of  development  on  the  one 
hand  to  a  fixed  ambition,  and  on  the  other  hand  to  commercial 
Catholicism.  I  doubt  if  any  member  of  this  Institute  questions 
how  quickly  and  radically  I  would  demonstrate  my  own  confi- 
dence in  future  possibilities  if  the  companies  which  have  borne 
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my  name  had  not  been  swallowed  up  in  the  sea  of  modem  con- 
solidation, instead  of  my  now  being  obliged  to  content  myself 
with  academic  pleas  for  intelligent  expansion. 

Quite  possibly  I  have  not  fully  understood  the  purport  of 
Messrs.  Stillwell  and  Putnam's  interesting  paper,  but  if  so,  then 
I  have  company  in  such  misunderstanding.  While  it  is  true  we 
are  not  in  entire  accord,  we  are  not  entirely  in  disagreement ;  for  I 
note  that  Mr.  Stillwell  accepts  historical  facts,  and  is  even 
tolerant  of  my  generalities.  We  do  disagree,  it  seems,  in  one 
important  essential  at  least.  He  has  **  nailed  his  flag  "  to  a 
16-cycle  mast,  guyed  by  an  overhead  trolley  wire,  for  trunk-line 
service.  I  have  gently  remonstrated,  and  being  something  oi 
an  agnostic,  have  said  **  I  don't  know  " — venturing  the  opinion, 
with  which  I  am  quite  sure  in  the  end  most  practical  railroa:^  men 
will  agree,  to  say  nothing  of  a  large  body  of  the  electrical  engi- 
neering fraternity,  that  no  present  standard  can  be  safely  adopted 
to  the  exclusion  of  everything  else.  Such  a  decision  would 
be  not  only  a  bar  to  evolution  in  the  development  of  the  applica- 
tion of  electricity  to  railways,  but  a  final  expression  of  opinion 
that  invention  is  at  an  end,  and  that  the  dicta  of  engineers  can 
decide  or  change  the  inevitable  exercise  of  individual  thought, 
and  curtail  the  activities  of  competitive  manufacture. 

Mr.  Stillwell  lays  much  stress  upon  the  "conditions  of  average 
steam  railway  service  in  the  United  States."  The  average 
conditions,  measured  financially,  do  not,  in  my  judgment,  per- 
mit of  electrification,  which  conclusion  I  have  tried  to  make 
clear,  and  which  is  not  altered  even  if  I  have  not  succeeded. 

I  feel  particularly  indebted  to  Messrs.  Wilgus  and  Henderson, 
the  former  of  whom,  in  his  executive  position,  has  had  im- 
mediate charge  of  a  great  electrical  development,  and  both  men 
of  wide  practical  railroad  experience,  for  their  common-sense  and 
illuminating  comments  from  the  standpoint  of  the  steam  rail- 
road man,  because  our  tendency  as  electrical  engineers  is  to  dis- 
cuss with  too  much  detail  the  technique  of  our  profession. 

Now  and  then  in  our  art,  as  in  all  others,  some  one  not  too 
closely  face  to  face  with  technical  problems  coins  a  laconic  phrase, 
which  one  instantly  recognizes  as  expressing  the  truth  in  a  nut- 
shell, and  as  a  crystallization  of  his  own  ideas  on  the  subject, 
and  then  he  wonders  why  nobody  thought  of  it  before.  Such  a 
phrase,  and  a  particularly  apt  one,  is  that  of  Mr.  Wilgus', 
"  evolution,  not  revolution  ".  It  is  the  concrete  description  of 
the  progress  in  the  electric  railway  industry  since  its  beginning, 
and  it  is  expressive  of  what  it  will  be  in  the  future. 

In  studying  different  motors,  it  seemed  wise  to  expand  pre- 
vious methods,  and  to  adopt  one  capable  of  wide  application. 
Inasmuch  as  it  was  impossible  within  the  limits  of  a  paper  al- 
ready too  long  to  apply  this  method  specifically  to  all  makes 
and  sizes  of  motors,  I  contented  myself  with  selecting  one  es- 
pecially typical  example  of  direct -current  and  25-cycle,  alter- 
nating-current  motors,  supplementing   the  details  of  this  com- 
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paiison  by  some  specific  facts  about  other  machines,  namely, 
the  smallest  on  regular  interurban  service,  and  the  largest  in 
present  locomotive  service,  presumably  a  sufficiently  wide  range 
for  illustration  of  certain  facts,  leaving  the  application  of  the 
specific  method  to  any  other  case  of  interest  to  an  engineer. 

In  comparing  capacities,  it  is  eminently  proper  that  the 
weight-efficiency  of  electrical  equipments  should  be  based  upon 
each  of  two  conditions:  first,  the  total  weight  of  motors  and  any 
connecting  device  necessary  to  transmit  the  power  of  the  motor 
to  the  axle,  this  weight,  if  the  trunk  frame  forms  a  part  of  the 
motor,  including  such  additional  part  as  is  necessary  over  and 
above  that  required  for  structural  purposes ;  and  secondly,  the 
total  amount  of  electrical  apparatus  as  above  determined,  plus 
every  device  for  collecting  current  or  controlling  the  motors  car 
riedupon  the  car  or  locomotive. 

Mr.  Stillwell  holds  that  I  should  compare  motors  of  equal 
capacities,  not  of  equal  weights  and  dimensions,  and  states  that 
since  the  weight-coefficients  of  all  motors,  of  whatever  make  or 
type,  increases  with  the  size,  there  would  not  in  such  a  compari- 
son have  been  so  great  a  disparity.  Quite  true,  but  the  error 
of  this  reasoning  is  apparent  if  one  reverses  his  proposal,  and 
compares  an  alternating-current  motor  of  a  given  physical 
dimension  with  a  direct-current  motor  of  larger  physical  dimen- 
sions and  weight.  What  a  disparity  would  then  appear !  I 
do  not  know  that  I  am  particularly  surprised  at  the  remonstrance 
which  meets  the  actual  comparisons  made  in  the  specific  instance 
illustrated,  for  the  method  intelligently  applied  is  sufficiently 
instructive  for  those  who  wish  to  know  the  facts  to  find  further 
application.  The  meaning  and  the  force  of  the  comparisons 
will  not  be  brushed  aside  by  ex-parte  statements  of  isolated  and 
uncorrelated  facts,  or  by  such  a  criticism  of  specific  motor 
weights  and  capacities  as  distinguished  Messrs.  Stillwell's  and 
Storer's  comments,  somewhat  unwarranted  in  view  of  my  specific 
Statement  that  the  motors  were  **  both  standard  modem  ma- 
chines ". 

In  order  to  avoid  any  just  criticism  of  the  curves  submitted, 
I  selected  not  only  standard  modern  machines  of  practically 
identical  weight,  but  machines  built  by  the  same  manufacturer, 
tested  under  like  auspices  and  by  identical  methods,  and  by 
experts  who  had  no  thought  that  the  machines  would  ever  be 
compared  in  the  matter  I  have  shown.  Not  only  are  these 
machines  of  similar  weight,  but  they  are  almost  exactly  of  the 
same  dimensions,  of  the  largest  practical  size  which  should  be 
put  on  a  truck  with  a  33-in.  wheel,  and  as  large  as  should  be  used 
with  a  36-in.  wheel  when  running  in  the  open  on  a  standard  rail- 
road.    Gear  and  transformer  weights  were,  as  stated,  eliminated. 

That  an  erroneous  conclusion  might  be  expressed  in  comments 
based  upon  a  hasty  and  cursory  perusal  of  a  paper  is  under- 
standable, but  that  it  should  be  allowed  to  stand  after  oppor- 
tunity to  ascertain  the  facts  suggests  either  great  i)reoccupation. 
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or  a  hiatus  in  memory.  It  is  a  wise  father  who  is  not  ashamed 
of  an  adopted  child,  and  I  cannot  but  regret  that  Mr.  Stillwell 
has  so  long  failed  to  recognize,  in  motor  X,  whose  weight,  as 
well  as  speeds  and  capacities  throughout  a  thermal  range  varying 
from  two-thirds  of  an  hour  to  five  hours  were  given  ^ith  exact- 
ness, a  machine  for  which  he  is  largely  responsible.  Its  charac- 
teristics are  based  upon  the  official  technical  reports  of  the 
General  Electric  Company,  the  builders  of  this  G.  E.  69  B  type 
for  the  Interborough  Rapid  Transit  Company,  on  Mr.  Stillwell's 
general  specifications,  418  of  these  machines  now  forming  part 
of  the  equipment  of  that  road.  They  are  sometimes  '*  rated  at 
200  h.p.  at  300  amperes  ",  but  actually  tect  to  241  h.p.  with  76'' 
rise  of  temperature,  according  to  the  standard  practice  of  the 
American  Institute  of  Electrical  Engineers.  Several  hundred 
more  of  these  motors  are  in  use  on  the  London  underground 
railways,  and  268  motors  of  similar  frame,  known  as  the  G.  E. 
69  C,  built  for  50  volts  higher  normal  operation,  nearly  100  less 
revolutions  at  the  one-hour  rating,  but  developing,  notwith- 
standing, 232  h.p.  with  like  rise  of  temperature,  are  in  use  on 
•che  New  York  Central  Railroad.  Type  Y  is  the  G.  E.  A.  603 
25-cycle,  alternating-current  motor,  and  illustrates  the  largest 
of  this  type  of  machines  built  for  motor-car  work. 

Call  these  machines  what  one  will,  by  any  name  which  may 
smell  more  sweet,  the  comparisons  are  on  identically  the  same 
basis,  therefore  absolutely  proper;  and  in  all  fairness  comparisons 
of  any  machines  should  be  made  \\'ith  identically  the  same  kind 
of  data.  When  so  made,  Mr.  Still  weirs  pyramid  may  be  in- 
verted, and  landed  on  its  base  where  it  belongs. 

A  similar  direct-current  motor  when  equipped  with  commutat- 
ing  poles  weighs  about  400  lb.  more,  but  in  view  of  a  remarkable 
freedom  from  sparking  it  can  with  perfect  impunity  be  steadily 
operated  at  an  increase  of  potential  which  will  much  more  than 
offset  the  increased  weight.  As  an  example  of  what  can  be  done 
with  this  type  of  machine,  I  have  seen  a  standard  motor  of  75 
h.p.  commutator  capacity,  temporarily  fitted  with  commutating 
poles,  operated  with  an  increase  of  80%  in  voltage,  and  develop 
over  250  h.p.  without  a  sign  of  distress.  Of  course  this  is 
unusual,  and  ordinarily  prohibitive  on  account  of  the  speed  of 
the  machine,  but  it  illustrates  the  possibilities  of  an  improve- 
ment which  I  have  so  steadily  urged,  and  which  in  now  being 
adopted  has  so  largely  augmented  the  allowable  working  direct- 
current  potentials.  If  Mr.  Storer  will  compare  on  the  thermal 
basis  a  quadruple  motor  equipment  of  this  type  with  an  equip- 
ment of  25-cycle,  alternating- current  motors  of  like  permissible 
speeds  and  weights,  the  comparison  will  be  somewhat  instruc- 
tive. 

With  regard  to  15-cycle  motors,  I  enumerated  with  a  good 
deal  of  particularity  certain  advantages  which  they  individually 
offered  as  compared  with  the  25-cycle  motor,  and  especially  the 
•ncrease  of  capacity.       I  assume  there  is  here  little  room  for 
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disagreement;  but  granting  the  full  measure  of  these  advan- 
tages, variable  in  the  matter  of  capacity  according  to  the 
nominal  rating,  and  the  ratio  of  load  to  that  rating,  it 
seems  quite  apparent  that  the  increase  in  weight  of  the  trans- 
former will  largely  offset  the  saving  in  motor-weight  capacity. 
Inasmuch  as  we  are  concerned  not  alone  with  motor  weights, 
but  with  the  total  weight  which  must  be  carried  by  the  in- 
dividual drivers,  and  within  allowed  wheel-bases,  this  offsetting 
of  the  saving  in  weight  in  one  part  of  the  equipment  by  an  in- 
crease in  the  other  cannot  be  ignored ;  and  the  question  property 
arises  whether  the  advantages  are  sufficient  to  warrant  the 
adoption  of  the  standard  in  spite  of  many  well  known  objections. 

It  is  a  curious  commentary  upon  the  futility  of  prophecy, 
that  within  a  month  of  the  announcement  of  the  necessity  of  a 
new  standard,  and  within  the  hour  of  its  repetition,  the  responsi- 
ble technical  engineers  of  a  great  manufacturing  corporation 
voice,  not  only  for  themselves  but  for  a  great  portion  of  the 
engineering  world,  their  disapproval  of  its  adoption,  and  in  the 
same  breath  announce  a  radical  advance  in  25-cycle  motor  con- 
struction which  maintains  the  merits  of  a  higher  frequency,  and 
remo^'e'*  one  of  the  reasons  for  lowering  it. 

Comparisons  based  upon  motors  designed,  but  not  built,  are 
essentially  unsatisfactory,  and  of  course  they  will  be  more  or 
less  at  variance,  depending  upon  the  size  and  make  of  motors 
selected.  The  15-cycle,  single-phase,  alternating-current  motor 
is  too  new  a  machine  to  have  any  record  behind  it.  In  my 
paper  I  compared  the  weights  of  certain  standard  quadruple 
motor  suburban  equipments,  designating  the  motors  A  and  B, 
the  former  for  15  and  the  latter  for  25  cycles,  the  weights  being 
those  officially  given  by  the  manufacturers.  These  motors  were 
of  competitive  makes,  the  former  being  the  Westinghouse  and 
the  latter  the  General  Electric,  but,  as  I  stated,  I  did  not  deem 
the  weights  given  as  final.  It  will  be  therefore  perhaps  interest- 
ing to  know  that,  eliminating  the  element  of  competitive  manu- 
facture, and  comparing  recently  given  official  weights  of  15-  and 
25-cycle  equipments  made  by  the  former  concern,  there  is  an 
excess  of  total  weight  of  a  quadruple  equipment  of  nominal 
75  h.p.  motors  greater  than  that  given  in  my  paper. 

Certain  features  of  the  New  York  Central  and  the  New  Haven 
machines  have  been  given  so  frequently  that  it  is  unnecessary 
to  refer  to  them  further  at  the  present  moment,  except  to  state 
that  their  weight -coefficients  are  very  different,  and  much  in 
favor  cf  the  former  machines.  When  large  15-cycle  alternat- 
ing-current, and  other  types  of  direct-current  locomotives  are 
built,  there  will  be  an  opportunity  to  make  further  comparisons 
on  a  like  basis.  It  may  be  interesting  to  note  here  that  the 
recent  decision  to  adopt  three-phase  locomotives  on  the  Cascade 
Tunnel  was  because  of  lack  of  guaranteed  capacity  of  15-cycle 
motors. 

Mr,  Stillwell  says  that  I  do  not  pay  sufficient  attention  to  the 
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cost  of  the  intermediate  link  between  the  generating  station  and 
the  locomotives.  I  will  endeavor  to  add  some  information  bear- 
ing on  this  point. 

The  New  Haven  electrical  equipment  comprises  35  locomo- 
tives* weigbmg  93.3  tons  each,  or  a  total  of  3266  tons,  with  an 
aggregate  capacity  of  35,000  h.p.  on  the  hour  rating.  Considering 
the  individual  capacity,  the  number  of  machines  which  will  be 
under  repairs,  the  time  in  the  shop  and  other  lay-overs,  I  believe 
that  not  over  23  of  the  New  York  Central  machines  would  be 
required  to  do  the  work  of  the  35  New  York,  New  Haven  and  Hart- 
ford ones.  The  New  York  Central  locomotive  weighs  95  tons, 
which  will  make  a  total  of  2185  tons,  with  an  aggregate  capacity 
of  50,600  h.p.  The  difference  in  total  weight  is  1081  tons,  and 
on  an  assumption  of  an  average  duty  of  even  200  miles  per  day 
there  would  be  an  excess  of-  216,200  daily  locomotive  ton-miles 
on  the  New  Haven  system.  The  difference  in  the  cost  of  the 
above  locomotives  would  ordinarily  be  about  $400,000.  The 
total  distance  from  Stamford  to  the  Grand  Central  Station  is 
33.48  miles,  21.45  miles  comprising  the  single-phase  section.  As 
I  have  pointed  out  in  my  paper,  the  direct  supply  to  the  overhead 
line  from  the  main  station  is  but  a  special  provision :  it  does  not 
mark  any  wide  application,  for  step-up  and  step-down  trans- 
formers will  be  absolutely  necessary  as  a  general  rule.  There- 
fore, for  comparison,  we  may  assume  on  the  New  York,  New 
Haven  and  Hartford  the  presence  of  those  transformers.  The 
introduction  of  synchronous  converters  in  addition,  assuming 
the  same  number  of  sub-stations,  would  add  about  $15  per 
kilowatt  of  normal  capacity,  so  that  the  $400,000  differential 
in  locomotive  costs  would  provide  for  a  synchronous  converter 
addition  of  26,667  kilowatts,  which  would  have  a  temporary 
excess  capacity  of  anywhere  from  100  to  200%,  according  to  the 
specifications  of  the  engineer  and  the  zeal  of  the  manufacturers. 

But  this  is  not  all.  In  a  letter  addressed  to  Mr.  W.  H.  Newman, 
president  of  the  New  York  Central,  imderdate  of  Oct.  27.  1905, 
and  published  in  the  technical  press  in  December  of  that  year, 
in  which  the  abandonment  of  the  system  then  being  introduced, 
and  the  adoption  of  the  single-phase  alternating-current  system 
were  urged,  one  of  the  principal  reasons  given  was  a  great  saving 
in  cost  of  the  working  conductor  system,  which  it  was  claimed 
would  aggregate  $9,000,000  between  New  York  and  Buffalo 
on  the  Central's  line  alone.  The  actual  difference  in  the  number 
and  cost  of  equipments  which  would  be  required  was  ignored. 
The  estimate  per  mile  of  road  of  a  four-track  line,  with  catenar>^ 
construction  from  bridges  over  the  tracks,  and  with  operation 
at  6000  volts,  exclusive  of  transformers,  was  given  as  $12,436. 
Some  time  afterward  an  estimate  was  published  purporting  to 
give  the  cost  of  the  New  Haven  installation,  which  with  addi- 
tional provision  of  an  extension  of  the  bridges  to  cover  six  tracks 
instead  of  four,  but  not  including  the  additional  overhead  work, 
was  stated  to  be  $27,000  per  mile  of  road,  although  with  operation 
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at  11,000  volts.  A  careful  analysis  of  actual  construction  makes 
this,  according  to  Mr.  Wilgus'  statement,  probably  over  $50,000 
per  mile,  which  I  asstmie  is  exclusive  of  any  lowering  of  tracks, 
clearing  of  right-of-way  from  trees,  or  work  in  connection  with 
telegraph  or  telephone  circuits.  The  cost  of  the  working  con- 
ductors of  a  third-rail  system  for  four  tracks,  the  protected  under- 
contact  rail  being  used,  supplemented  by  a  main  conductor  so 
that  any  of  the  tracks  can  be  cut  out,  is  much  less  than  this. 

Looking  into  the  matter  soberly,  then,  it  would  seem  that  in 
the  first  really  comparative  examples  on  a  large  scale,  the  cost 
of  the  working-conductor  construction  of  the  alternating  current 
system  as  actually  erected  is  considerably  higher  than  that  of  the 
third-rail  construction,  when  installed  on  a  trunk-line  railroad 
in  operation,  and  also  that  the  cost  of  equipment  to  do  equal 
work  is  much  higher,  this  latter  difference  alone  being  enough  to 
pay  for  a  great  abundance  of  synchronous  converter  apparatus. 

Just  here,  I  may  be  permitted  to  suggest  that  it  savors  of 
trespass  beyond  the  proper  limits  of  a  discussion  of  my  paper 
when  one  assumes  what  my  decision  would  be  in  the  event  of 
my  opinion  being  asked  as  to  the  equipment  of  a  trunk  line 
division.  Whenever  such  decision  may  be  necessary,  it  seems 
reasonable  to  suppose  that  I  shall  be  guided  by  the  particular 
railroad  problem  under  consideration,  the  real  interests  of  my 
clients,  and  the  then  known  or  probable  development  in  the  art 
quite  irrespective  of  what  my  decision  might  have  been  at  some 
other  time  and  under  other  conditions. 

It  seems  necessary  to  emphasize  the  meaning  of  restricted 
capacity  of  equipment  for  any  allowable  truck  dimensions  and 
imit  wheel- weights.  I  repeat  that  it  is  a  matter  of  no  vital  concern 
that  20  or  even  40  tons  be  added  to  the  weight  of  a  freight  train 
with  any  given  motor  capacity,  especially  on  low-grade  roads; 
but  it  is  of  the  utmost  importance  if  either  the  same  capacity 
can  be  got  with  fewer  units,  or  if.  on  the  other  hand,  the  excess 
weight  will  give  even  50%  more  continuous  capacity.  What  is 
required  in  any  locomotive  is  simplicity  and  capacity;  simplicity, 
to  avoid  an  acute  attack  of  appendicitis  when  far  from  home, 
and  capacity,  to  meet  the  inevitable  overload  demands  which 
will  be  made  upon  it  by  the  operating  force  and  the  exigencies 
of  service.  This  latter  quality  has  been  the  constant  aim  of 
every  superintendent  of  motive  power,  every  general  manager, 
and  every  locomotive  builder.  Larger  cylinders  and  boilers, 
increased  tube  and  grate  surfaces,  and  more  capacious  fire 
boxes — all  demanding  greater  weight  on  wheels,  continually 
opposed  by  the  limitations  of  bridges,  rails,  and  ballast,  and 
disheartening  to  the  engineer  of  maintenance  and  way. 

Need  there  be  any  more  eloquent  and  forceful,  nay,  vital 
plea  for  keeping  down  wheel-weights,  both  individual  and  as 
concentrated  on  bridge  members,  especially  when  running  at 
high  speeds,  than  the  appalling  number  of  rail  breakages  re- 
ported during  the  past  winter,  and  the  recent  attack  upon  the 
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sufficiency  of  rail-sections  and  the  integrity  of  rail  manufacture — 
all  emphasized  by  the  Carnegie  company's  report  of  20  broken 
rails  after  a  single  trip  of  the  Pennsylvania's  18-hour  flyer  to 
Chicago ! 

On  the  subject  of  costs,  we  should  be  somewhat  char>'  in 
formulating  conclusions  based  upon  assumed  prices  for  electrical 
apparatus.  At  a  former  meeting  of  the  Institute,  unit  and  differ- 
ential prices  were  given  for  15-  and  25  cycle  electric  locomo- 
tives. Mr.  Stillwell  based  his  calcinations  on  $25«000  per  loco- 
motive for  25-cycle  operation,  with  a  possible  reduction  of  $1,000 
for  15-cycle  equipments,  this  latter  difference  being  enlarged  to 
$5,000  per  unit  by  Mr.  Storer.  Little  reliance  can  be  placed 
upon  such  figtires  when  it  is.  well  known  that  for  various  causes, 
such  as  changes  in  price  of  labor  and  material,  variation  in  types 
of  motors  and  locomotive  design,  the  use  of  alternating-current 
or  direct-current  apparatus,  etc.,  the  unit  price  of  various  loco- 
motives within  the  last  three  years  has  varied,  not  $1,000  or 
$5,000,  but  over  $25,000,  and  the  actual  capacity  of  the  highest 
priced  locomotives  has  been  less  than  that  of  lower  priced  ones. 

Mr.  Storer  has  favored  the  discussion  by  several  positive 
statements,  and  certain  figures  giving  the  apacities  and  effi- 
ciencies of  various  types  and  sizes  of  motors.  As  presented, 
these  are  interesting  but  not  conclusive;  I  submit  that  it  is  im- 
possible properly  to  discuss  them  unless  sufficient  data  are 
given  to  analyze  them  on  the  thermal  basis  after  the  manner  I 
have  indicated.  There  is  nothing  mysterious  about  it;  and  if  in 
addition  to  the  thermal  curves,  there  are  submitted  the  de- 
tailed statements  of  the  weights  of  apparatus  which  go  on  a  car 
or  locomotive,  we  will  be  in  possession  of  that  much  needed 
information  urged  before  the  standardization  committee  of  the 
Institute  as  essential  to  a  full  understanding  of  machine 
performance.  Engineers  need  the  facts,  but  they  should  be 
complete,  not  such  selected  ones  as  manufacturers  are  sometimes 
inclined  to  submit  for  digestion. 

Reference  to  the  relative  torques  attained  by  continuous  and 
intermittent  currents  is  unfortunate,  for  if  there  is  any  charac- 
teristic of  single-phase  operation  which  is  particularly  noticeable, 
it  is  the  slow  acceleration  of  cars  equipped  with  such  motors;  in 
other  words,  the  lack  of  motor  torque  with  equal  gear  reductions. 
The  reasons  are  too  well  known  to  waste  time  discussing  them. 
Mr.  Steinmetz  very  aptly  puts  the  case  in  a  nutshell  when  he 
states  that  no  matter  how  good  a  single-phase  alternating- 
current  motor  is,  when  put  on  a  continuous- current  circuit  it  is 
a  better  motor,  and  it  then  becomes  possible  to  re-design  a  ma- 
chine to  get  more  capacity  out  of  a  given  weight,  or  less  weight 
and  less  cost  of  construction  for  a  given  capacity.  Possibly  the 
self -repairing  characteristic  of  the  motors  referred  to  by  Mr, 
Storer  may  be  explained  by  the  fact  that,  weakened  by  an 
alternating  current,  they  broke  down  when  put  on  to  a  grotmded 
circuit,  and  when  put  on  to  a  lower  potential  metallic  circuit  they 
managed  to  function. 
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It  .s  a  new  theory  in  mechanics  that  reduced  clearances 
and  allowable  wear  of  working  parts  is  preferable  to  ample  lati- 
tude in  these  matters.  With  regard  to  gears,  it  is  quite  possible 
that  on  the  motors  with  which  he  is  acquainted  the  same 
gear-pitch  is  used  on  slow-speed  direct-current  motors  and  high- 
speed single-phase  motors.  It  might  occur  to  one  that  per- 
missible strength  of  parts  in  one  case  is  sacrificed  to  the  manu- 
facturing requirements  of  the  other. 

I  confess  to  a  stenographic  error  in  the  matter  of  the  minimum 
number  of  poles  on  single-phase  motors.  Of  course,  most  people 
know  that  four  instead  of  eight  poles  are  used  on  certain  sizes  of 
motors;  but  there  are  other  manufacturers,  and  14-pole  machines 
have  been  proposed. 

It  is  quite  true  that  locomotives  are  not  intended  to  stand 
still:  Mr.  Storer  remarks  that  they  are  intended  to  move. 
Undoubtedly,  but  it  is  likewise  necessary  to  start  a  train, 
or  perhaps  hold  one  on  a  grade,  and  there  are  times  when  a 
machine,  if  a  part  of  the  equipment  fails,  may  be  called  upon  to 
stand  very  considerable  periods  of  steady  pulling  without 
actually  turning,  and  certainly  great  overloads.  A  little  greater 
familiarity  with  practical  railroading  would  perhaps  show  him 
instances  in  which  locomotives  are  really  not  intended  always  to 
go,  but  sometimes  actually  stand  still  and  push,  and  keep  on 
pushing.  A  case  in  point  is  the  operation  of  freight  trains  on 
long  up-grades,  where  the  helper  locomotive,  well  back  from  the 
head  of  the  train,  is  frequently  called  upon,  when  the  leading 
locomotive  pulls  up  on  signal,  to  hold  the  train  with  full  head  of 
steam  against  slackened  draw-bars,  and  to  prevent  it  being 
pulled  in  two  when  the  leader  starts  again. 

It  will  not  do  lightly  to  dismiss  the  New  York  Central  type 
of  machine  from  further  discussion,  or  possible  notice,  by  re- 
marking that  there  is  but  one  single  installation  of  this  type. 
That  is  quite  true,  but  it  happens  to  be  the  largest  electric  loco- 
motive installation  in  the  world,  and  this  particular  group  of 
machines  is  now  probably  doing  more  work  than  all  other  electric 
locomotives  of  trunk-line  size  which  have  been  built  in  the  United 
States  in  the  last  twenty  years.  It  is,  therefore,  a  machine 
which  must  be  seriously  reckoned  with. 

Mr.  Scott  seems  to  favor  alternating-current  braking  by  return 
of  energy  to  the  line,  and  even  claims  it  to  be  more  effective  than 
direct-current  braking  on  a  closed  circuit.  His  present  attitude 
on  the  subject  is  a  reversal  of  position  assumed  but  a  short  time 
ago  by  his  associates;  but  this  is  in  accord  with  the  change  of 
heart  on  multiple-unit  operation  and  commutating-pole  railway 
motors. 

In  referring  to  the  discussion  of  Mr.  Carter's  paper  before  the 
Institution  of  Electrical  Engineers,  I  did  not  state  it  as  a  fact, 
or  my  opinion,  that  there  is  10%  lower  electrical  efficiency 
in  a  single-phase  motor  as  compared  with  the  direct-current 
current  motor,  but  quoted  Mr.  W.  M.  Mordey,  a  well  known 
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advocate  of  single-phase  apparatus,  and  for  the  purpose  simply 
of  illustrating  the  fallacy  of  assuming  that  the  location  of  the 
excess  loss,  no  matter  how  much,  is  a  matter  of  indifference. 

Of  course,  as  Mr.  Scott  says,  by  varying  the  voltage  taps  on  a 
transformer,  the  speed  with  any  given  torque  can  be  reduced 
below  that  corresponding  to  the  maximum  working  potential. 
I  might  add  that  the  capacity  is  reduced  in  the  same  ratio,  and 
there  would  be  little  effect  upon  the  comparison  of  weight-co- 
efficients. 
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RELATIVE    MERITS    OP    THREE-PHASE    AND    ONE- 
PHASE  TRANSFORMERS 


BY    H.    W.    TOBEY 

During  the  last  few  years  there  has  been  a  gradually  increasing 
tendency  in  this  country  toward  the  use  of  three-phase  trans- 
formers on  three-phase  circuits  instead  of  groups  of  three,  or 
in  some  cases  two,  one-phase  units.  It  is  the  purpose  of  this 
paper  to  outline  briefly  these  two  systems,  and  to  point  out  as 
far  as  possible  the  important  features  of  both,  with  their  advan- 
tages and  limitations. 

In  this  country,  particularly,  there  is  a  strong  feeling 
among  many  engineers  in  favor  of  single  units.  This 
feeling  is  probably  due  in  part  to  the  fact  that  if  one  trans- 
former in  a  group  gives  trouble  it  can  be  readily  removed  and  re- 
placed by  a  reserve  transformer  or  if  no  reser\'e  is  at  hand  the  load 
can  be  carried  by  the  remaining  two,  if  delta  connected ;  whereas  if  i 
one  phase  of  a  three-phase  transformer  gives  out  the  entire 
transformer  is  rendered  useless.  Where  the  plant  is  small, 
this  feeling  is  more  or  less  justified  on  account  of  the  fact  that  an 
extra  three-phase  transformer,  because  of  the  additional  expense, 
would  be  out  of  the  question,  whereas  the  cost  of  an  extra  one- 
phase  transformer  would  not  be  serious. 

Where  the  plant  is  fairly  large,  the  saving  in  cost  introduced 
by  installing  three-phase  units  makes  possible  the  providing  of 
an  extra  transformer  for  reserve.  Moreover,  if  no  reserve  is 
available  it  is  possible,  in  the  case  of  shell-type  transformers  at 
least,  to  take  an  injured  phase  out  of  commission  and  operate 
the  remaining  two  phases  in  open  delta  until  the  necessary 
repairs  can  be  made.     This  is  done  by  means  of  an  arrangement 
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recently  announced,  in  which  both  primary  and  secondary 
windings  of  the  injured  phase  are  cut  out  and  short  circuited  on 
themselves.  As  mentioned,  this  method  apolies  oAly  to  shell- 
type  transformers  connected  delta  primary  and  secondary. 
]  From  the  foregoing,  it  would  seem  that  as  far  as  reliability  is 
'    concerned  the  two  systems  are  about  equal. 

As  to  initial  cost,  the  three-phase  transformer  has  a  distinct 

/advantage.     Not  only  is  it  possible  to  utilize  the  iron  in  the 

magnetic  circuit  to  better  advantage,  but  a  saving  is  also  possible 

I  in  the  cost  of  the  containing  tank,  inasmuch  as  only  one  is  required 

»  instead  of  three.    All  things  considered,  the  cost  of  a  three- 

\  phase  transformer  may  be  taken  as  about  85%  of  that  of  three 

of  the  one-phase  type — total  capacity,  frequency,  and  voltage 

being  the  same  of  course  in  both  cases. 

In  addition  to  the  initial  cost,  there  is  also  a  saving  in  material 
and  labor  incurred  in  connecting  up  the  transformer  for  service. 
With  the  three-phase  type,  all  interconnections  between  phases 
are  made  within  the  containing  tank  or  case,  thus  leaving  but 
three  high-tension  and  an  equal  number  of  low-tension  terminals 
with  which  to  connect  outside  lines.  For  installation,  therefore, 
the  total  amount  of  cable  required  is  less,  the  connections  are 
simpler,  and  consequent  danger  of  error  less  with  the  three- 
phase  transformer  than  with  several  one-phase  transformers. 
The  expense  of  isolating  compartments  is  also  much  reduced, 
it  being  customary  in  many  plants  to  provide  a  separate  berth 
for  each  unit. 

While  general  appearance  is  not  necessarily  a  controlling 
feature  in  a  transformer  building,  it  is  nevertheless  to  be  con- 
sidered, and  here  again  the  three-phase  transformer  with  its 
simple  connections  would  look  neater  and  more  symmetrical 
than  would  three  one-phase  units. 

Floor  space  and  heigh  i  are  features  which  in  stations  of 
limited  area  require  careful  consideration.  In  these  regards  the 
three-phase  transformer  has  distinct  advantages,  as  a  saving  of 
at  least  30%  can  be  attained  in  floor  space,  and  usually  its  height 
is  somewhat  less  than  that  of  the  one-phase  unit. 

As  regards  regulation,  neither  system  can  claim  an  advantage. 
Both  regulate  equally  well  on  balanced  and  unbalanced  loads, 
whether  these  are  inductive  or  non-inductive. 

In  some  plants  the  question  of  limited  facilities  for  handling 
would  be  a  deciding  factor.  Here  then  the  choice  would  be 
in  favor  of  one-phase  units,  on  account  of  their  decreased  weight 
and  dimensions. 
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For  extremely  large  three-phase  units  it  is  probable  that 
somQ  system  of  forced-oil  circulation  would  be  adopted,  as  by 
this  means  the  large  coils  and  extremely  large  mass  of  iron 
necessary  to  form  the  magnetic  circuit  may  be  cooled  without 
difl&culty. 

In  small  transformers  suitable  for  pole  suspension,  the  ad- 
vantages of  the  three-phase  transformer  are  emphasized  in 
appearance  and  reduction  in  weight. 

In  general,  the  two  systems  may  be  summed  up  as  follows: 
where  the  plant  is  of  small  or  medium  size,  the  facilities  for 
handling  limited,  and  the  floor  space  not  an  important  feature, 
groups  of  one-phase  transformers  would,  without  doubt,  be 
adopted---  For  large  plants,  however,  having  ample  facilities 
for  handling,  and  particularly  where  floor  space  is  a  question  of 
importance,  the  three-phase  type  would  be  most  suitable. 
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RELATIVE  ADVANTAGES  OF  ONE-PHASE  AND  THREE- 
PHASE  TRANSFORMERS 

BY  JOHN  S.  PECK 

In  considering  the  relative  advantages  of  three-phase  and 
one-phase  transformers,  it  will  be  assumed  at  the  outset  that 
the  three-phase  transformer  is  to  be  compared  with  a  group 
of  three  one-phase  transformers  whose  aggregate  output  is  the 
same  as  that  of  one  three-phase  transformer;  for  it  will  be 
admitted  at  once  that  a  comparison  between  one  one-phase 
transformer  and  one  three-phase  transformer  of  the  same 
output  would  be  all  in  favor  of  the  one-phase  transformer.  On 
this  assumption,  the  advantages  of  the  three-phase  trans- 
former over  the  one-phase  group  are  as  follows : 

1  Lower  cost. 

2  Higher  efficiency. 

3  Less  floor  space  and  less  weight. 

4  Simplification  in  outside  wiring. 

5  Reduced  transportation  charges  and  reduced  cost  of  instal- 
lation. 

The  disadvantages  are: 

1  Greater  cost  of  spare  units. 

2  Greater  derangement  of  service  in  the  event  of  breakdown. 

3  Greater  cost  of  repair. 

4  Reduced  capacity  obtainable  in  self-cooling  units. 

5  Greater  difficulties  in  bringing  out  taps  for  a  large  number 
of  voltages. 

The  various  advantages  and  disadvantages  enumerated  above 
will  be  considered  in  sequence. 
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ADVANTAGES 

1  Lower  Cost — A  three-phase  transformer  should  always  be 
cheaper  to  manufacture  than  three  one-phase  transformers  of 
the  same  total  output ;  for,  by  combining  one-phase  imits  into 
a  three-phase  imit,  there  results  a  considerable  saving  in  active 
material  due  to  the  magnetic  phase  relations.  Also,  there  is 
only  one  containing  case,  one  set  of  end-frames,  one  cooling 
system,  etc.,  to  be  provided  for  the  three-phase  \mit. 

The  labor  is  also  less,  not  only  on  account  of  there  being  less 
active  material  to  handle— one  case,  one  set  of  end  frames,  etc.^ 
but  because  the  unit  as  a  whole  is  larger,  and  there  is  always  less 
labor  cost  in  manufacturing  one  large  unit  than  there  is  in  manu- 
facturing several  small  units  for  the  same  total  output. 

2  Higher  Efficiency — Since  there  is  less  active  material  in  the 
three-phase  transformer  than  in  the  one-phase  group,  the  loss 
at  the  same  densities  will  be  less,  and  therefore  the  efficiencies 
higher,  consequently  the  total  radiating  surface  required  may  be 
less. 

3  Less  Floor  Space  and  Less  Weight — ^This  follows  from  a 
consideration  of  1  and  2. 

4  Simplification  in  Outside  Wiring — ^The  star  or  delta  connect- 
tions  of  a  three-phase  transformer  are  simply  and  easily  made 
inside  the  case,  for  as  a  rule  only  three  high-tension  and  three 
low-tension  leads  are  brought  out;  whereas  with  three  one-phase 
transformers  at  least  six  high-tension  and  six  low-tension  leads 
are  brought  out  and  the  transformers  interconnected  by  suit- 
able wiring. 

5  Reduced  Transportation  Charges  and  Reduced  Cost  of  Instal- 
lation— The  lighter  weight  and  less  bulk  of  the  three-phase 
transformer  will,  in  general,  result  in  reduced  transportation 
charges  especially  where  shipment  is  made  by  water.  This  ad- 
vantage is  open  to  question,  however,  when  there  are  long 
wagon  hauls  over  mountain  roads,  with  poor  facilities  for  hand- 
Ung  heavy  machinery.  In  this  case  it  may  be  cheaper  to  trans- 
port a  greater  weight  and  bulk  in  small  units;  but  in  general  the 
transportation  charges  should  be  considerably  in  favor  of  the 
three-phase    transformer. 

It  should  also  be  noted  that  in  many  foreign  countries  duties 
are  charged  according  to  the  weight  of  material,  but  whether 
duties  are  charged  according  to  weight  or  price,  the  advantages 
are  with  the  three  phase  transformer. 

In  general,  it  will  be  cheaper  to  install  one  large  imit  than 
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three  small  ones.  This  is  particularly  true  where  the  trans- 
former must  be  dried  out  on  the  site  by  heating  or  by  a  vacutim 
process. 

DISADVANTAGES 

1  Greater  Cost  of  Spare  Unit. — It  is  obvious  that  any  three- 
phase  unit  having  three  times  the  capacity  of  a  one-phase  unit 
will  cost  considerably  more.  This  may  be  of  some  importance 
where  there  is  but  one  three-phase  imit,  but  it  will  be  found  that 
in  many  cases  the  cost  of  two  three-phase  transformers  with 
a  total  capacity  of  200%  will  be  but  little  more  than  that  of 
four  one-phase  transformers  having  a  total  output  of  133%. 
Where  there  are  several  similar  three-phase  imits,  it  will  be  found 
that  the  reduced  first  cost  of  adopting  three-phase  units  will 
more  than  pay  the  difference  in  cost  between  the  three- 
phase  and  the  one-phase  spare  unit.  In  addition,  there  is  the 
advantage  that  the  three-phase  spare  unit  will  have  three,  times 
the  capacity  of  the  one-phase  spare  unit. 

It  should  be  noted,  however,  that,  with  a  three-phase  or  one- 
phase  core-type  transformer,  there  is  much  less  need  of  carry- 
ing a  complete  spare  unit  than  with  the  shell-type  one-phase 
or  three-phase  transformer.  This  is  on  account  of  the  very 
simple  construction  of  the  core-type  transformer,  and  the  ease 
with  which  it  may  be  repaired.  The  top-yoke  is  built  up  in 
one  solid  piece  and  bolted  down  with  butt  joints  to  the  three 
vertical  cores.  Thus  it  is  necessary  in  case  of  repairs  to  loosen 
only  a  few  nuts,  remove  the  top  yoke,  slide  off  the  damaged  coils, 
and  replace  them  with  new  ones;  bolt  down  the  yoke  and 
replace  the  transformer  in  position.  Should  the  laminations  be 
welded  together,  it  might  be  necessary  to  do  considerable  filing, 
but  in  general  there  is  less  chance  of  burning  the  laminations 
than  with  the  shell  type  of  construction.  With  a  supply  of 
spare  coils,  any  ordinary  bum-out  should  be  repaired  in  a  very 
few  hours.  On  the  Continent,  it  is  quite  customary  to  use 
core-type  three-phase  transformers  with  only  coils  as  spares 
even  for  very  important  work;  for  it  has  been  found  in  actual 
practice  that  repairs  can  be  made  in  but  little  more  time  than 
is  required  to  replace  one  transformer  by  another. 

With  the  present  standard  shell-type  of  construction,  a  much 
longer  time  is  required  for  repairs,  on  account  of  the  fact  that 
the  laminations  must  be  removed  and  replaced  a  few  at  a  time. 
The  repair  of  a  three-phase  shell-type  transformer  is  so  serious 
an  undertaking  that  it  would  probably  seldom  be  attempted  on  the 
site  but  the  transformer  would  be  returned  to  the  manufacturer. 
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2  Greater  Derangement  of  Service  in  the  Event  of  Breakdown — 
When  three  one-phase  transformers  are  connected  in  delta 

on  both  high-  and  low-tension  windings,  one  of  the  three  may 
fail  and  be  cut  out,  and  the  remaining  ones  will  continue  to 
carry  about  two-thirds  the  total  load  without  overheating. 
With  the  star  connnection  on  either  winding,  this  cannot  be  done. 
A  three-phase  core-type  transformer  cannot  be  operated  with 
a  short-circuit  on  any  phase.  The  three-phase  shell-type  trans- 
former may  be  operated,  however,  with  a  short-circuit  on  one 
phase  provided  both  windings  are  in  delta;  but,  while  this  may 
be  used  as  a  temporary  expedient  for  carrying  partial  loads, 
the  whole  transformer  must  be  removed  eventually  for  repairs. 
In  any  event,  whether  core-  or  shell-t)rpe  transformers 
are  used,  there  will  be  probably  a  somewhat  greater  delay  in 
substituting  a  three-phase  spare  unit  than  in  substituting  a 
one-phase  spare  unit. 

3  Greater  Cost  of  Repair — ^With  three  one-phase  units  it  is 
probable  that  in  the  event  of  breakdown  in  one,  it  will  be  cut 
out  before  the  others  are  damaged.  With  a  three-phase  unit, 
where  the  phases  are  so  near  together,  there  is  the'possibility  that 
a  breakdown  in  one-phase  may  damage  one  or  both  of  the  others. 
In  such  event,  there  are  two  or  three  phases  instead  of  one  to 
repair;  but  in  any  event  the  repair  of  a  three-phase  transformer 
will  be  in  general  more  expensive  than  the  repair  of  p  one-phase 
transformer  of  the  same  type. 

4  Reduced  Capacity  Obtainable  in  Self-Cooling  Three-Phase 
Units— In  some  cases  it  is  highly  desirable  to  use  only  self-cooling 
transformers.  1500  kw.  is  approximately  the  maximum  size 
of  a  three-phase  transformer  that,  with  present  methods  of  con- 
struction, can  be  m.ade  self-cooling.  A  group  of  three  one-phase 
self-cooling  transformers  can  be  built  with  an  output  of  two  or 
three  times  this  amount.  Thus,  if  an  output  greater  th^n  1500 
kw.  is  required,  it  will  be  necessary  to  use  two  three-phase 
transformers,  a  more  expensive  arrangement  than  three  single- 
phase  transformers.  It  is  very  seldom,  however,  that  an  output 
greater  than  1500  kw.  is  required  from  a  self-cooling  transformer.. 
When  artificial  cooling  is  permissible,  the  three-phase  transformer 
may  be  built  for  any  desired  capacity. 

5  Greater  Difficulties  in  Bringing  out  Taps  for  a  Large  Number 
of  Voltages — The  increased  difficulty  in  arranging  the  three-phase 
transformer  for  a  large  number  of  different  voltages  might  in 
some  cases  prevent  its  use,  but  such  cases  will  be  of  very  rare 
occurrence  and  need  scarcclv  be  considered. 


1907.]  PECK:  TRANSFORMERS  821 

To  sum  up,  it  may  be  said  that  the  three-phase  transformer  has 
certain  real  and  positive  advantages  over  the  one-phase  type, 
while  its  disadvantages  are  chiefly  those  which  result  in  the  event 
of  breakdown — ^an  abnormal  condition  which  occurs  at  rarer 
and  rarer  intervals  as  the  art  of  transformer  design  and  manu- 
facture improves.  It  is  the  writer's  belief  that,  as  on  the 
Continent,  the  three-phase  transformer  has  already  superseded 
the  one-phase  in  most  cases  so  in  America  and  Great  Britain 
the  use  of  the  three-phase  transformer  will  show  a  very  rapid 
increase  within  the  next  tew  years. 

It  is  also  the  writer's  opinion  that  a  three-phase  core-type 
transformer  having  as  good  or  better  performance  than  the 
shell  type  can  be  built  for  less  money.  This,  together  with  the 
fact  that  the  core  type  can  be  repaired  so  readily,  makes  it  more 
desirable  than  the  shell  type. 

In  the  above  discussion,  the  three-phase  transformer  has  been 
compared  with  three  one-phase  transformers,  but  it  is 
possible  to  use  two  one-phase  transformers  with  the  V  or  T 
connection  for  three-phase  working;  and,  by  placing  the  two  in 
the  same  case,  a  considerable  saving  in  cost  over  three  separate 
transformers  may  be  effected.  On  account  of  the  phase  re- 
lations of  the  currents,  however,  the  capacity  of  each  transformer 
must  be  15%  greater  than  half  the  capacity  of  the  three-phase 
transformer,  with  a  corresponding  increase  in  cost  and  losses. 

There  is  another  serious  objection  to  this  arrangement,  for 
on  account  of  the  out-of-phase  relation  of  voltage  and  current 
the  voltage  across  the  three  phases  will  not  remain  in  balance 
as  the  load  comes  on. 

It  is  also  open  to  very  serious  doubt  whether  this  transformer 
can  be  built  as  cheaply  as  can  the  three-phase  core  type.  The 
writer  does  not  believe  that  this  type  will  ever  come  into  very 
general    use. 
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Discussion  on  "  Relative  Merits  of  Three-Phasb  and 
One-Phase  Transformers,"  at  Chicago,  III.,  May  24, 
1907. 

Peter  Junkersfeld  (by  letter):  A  decision  as  to  the  use  of 
three  one-phase  transformers  or  one  three-phase  transformer 
should  take  into  consideration  all  local  conditions.  The  five 
disadvantages  enumerated  by  Mr.  Peck  will  in  some  cases  be  so 
great  as  to  prohibit  the  use  of  three-phase  transformers ;  in  other 
cases  these  disadvantages  may  be  negligible. 

In  a  small  system,  or  in  any  system  in  which  the  total  number 
of  units  are  few,  the  "  greater  cost  of  spare  units  "  and  **  greater 
derangement  of  service  "  often  throws  the  balance  in  favor  of 
three  one-phase  transformers.  However,  the  troubles  with,  or 
breakdowns  of,  three-phase  transformers  have  perhaps  been  less 
than  is  generally  supposed. 

The  Chicago  Edison  Company  had  in  service  on  May  1,  1907, 
about  42,000  kw.  of  three-phase  transformers,  which  type  it  has 
installed  exclusively  in  connection  with  synchronous  converters 
during  the  past  six  years.  The  one-phase  transformers  installed 
previously  for  converters  aggregate  about  8,000  kw.  The 
company  also  has  in  service  as  step-up  and  step-down  trans- 
formers for  generators  or  lines  a  total  capacity  of  about  6000  kw. 

In  reviewing  the  ten  years'  experience  in  which  the  one- 
phase  transformer  capacity  has  grown  to  14,000  kw.,  and  the 
six  years'  experience  in  which  the  three-phase  transformer 
capacity  has  increased  to  thirty-two  units  varying  in  size  from 
550  to  2200  kw.  and  aggregating  42,000  kw.,  we  have  found  that 
the  total  number  of  **  troubles  "  where  transformers  have  been 
taken  out  of  service  have  been  less  with  the  three-phase  than 
with  the  one-phase  transformers.  In  fact,  there  was  only  one 
case  worthy  of  notice  with  three-phase  transformers,  and  even 
in  this  the  damage  was  not  serious.  The  one-phase  transformers 
varied  in  size  from  100  to  500  kw.,  some  oil-cooled  and  some  air- 
blast. 

A  fruitful  source  of  transformer  troubles  are  the  taps  for 
various  voltages  and  the  wiring  inside  the  top  of  the  transformer. 
The  above  mentioned  three-phase  transformers  were  not  adopted 
until  the  system  was  so  well  developed  that  a  great  multiplicity 
of  taps  was  no  longer  necessary.  This,  with  the  particular 
attention  paid  to  the  wiring  inside  the  top  of  transformer,  ac- 
counts partly  for  the  few  troubles  with  the  three-phase  trans- 
formers. The  latter  also  embody  all  of  the  latest  developments 
in  transformer  design  known,  having  been  in  service  little  more 
than  six  years,  while  some  of  the  one-phase  transformers  have 
been  in  service  for  a  much  longer  period  and  are  thus  of  earlier 
design. 

In  small  and  often  uncertain  undertakings,  and  in  pioneering 
or  extraordinary  extension  work,  there  are  cases  where  three- 
phase    transformers    should    not    be    used.     The    advantages 
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of  three-phase  transformers  are,  however,  so  great  and  the 
results  obtained  are  so  good,  both  in  this  country  and  in  Europe, 
that  the  use  of  three-phase  transformers  merits  the  most  careful 
consideration  in  every  case.  The  undertaking  that  is  small 
to-day  may  become  large  to-morrow,  and  the  growth  or  change 
in  Condition  usually  makes  the  situation  more  favorable  for 
the  three-phase  transformers. 

R.  F,  Schuchardt:  Our  experience  has  been  of  such  a  nature 
as  fully  to  justify  the  decision  made  six  years  ago  to  adopt  the 
three-phase  transformers  in  our  converter  sub-stations.  Where 
the  installation  is  connected  to  an  overhead  line,  or  where  the 
units  are  small  in  number,  the  situation  is,  of  course,  different. 
I  refer  to  an  installation  such  as  ours  where  the  system  is  very 
large  and  has  underground  transmission  lines  throut^hout.  The 
disadvantages  enumerated  by  Mr.  Peck  almost  entirely  disap- 
pear in  such  a  system.     Taking  them  individually : 

**  Greater  cost  of  spare  unit  ".  An  individual  unit  being 
only  a  very  small  portion  of  the  total  installation,  the  expense  is 
comparatively  small  and  the  saving  due  to  use  of  three-phase 
transformers  will  more  than  offset  this. 

'*  Greater  derangement  of  service  in  the  event  of  breakdown  " 
and  **  Greater  cost  of  repair  ".  The  transformer  breaks  down 
so  seldom  that  one  can  very  well  afford  to  take  the  risk,  especially 
in  view  of  the  advantages. 

**  Reduced  capacity  obtainable  in  self-cooling  three-phase 
units  ".  Units  of  this  kind  are  not  generally  used  self-cooling. 
A  blower  system  is  usually  installed  in  order  to  get  greater 
capacity  out  of  the  apparatus. 

'*  Greater  difficulties  in  bringing  out  taps  for  a  large  number 
of  voltages  ''.  As  Mr.  Junkersfeld  has  said,  the  transformers 
are  now  so  well  standardized  that  a  large  number  of  taps  are  not 
required.  We  do  not  even  avail  ourselves  of  the  advantage  to 
be  obtained,  in  case  of  part  breakdown,  by  having  the  delta  con- 
nection on  both  primary  and  secondary.  We  connect  the 
secondaries  in  star  and  then  join  the  star  points  together  and  to 
the  neutral  of  the  three  wire  direct-current  system.  The  con- 
verters thus  also  serve  as  balancers. 

C.  W.  Stone:  Most  of  the  discussion  seems  to  be  based  upon 
the  larger  size  units.  I  think  that  we  ought  to  consider  the  small 
unit  for  pole  work.  I  think  this  is  one  of  the  places  where  three- 
phase  transformers  are  particularly  well  adapted.  On  poles 
we  are  always  crowded  for  space,  and  that  is  where  we  need  the 
smallest  unit  that  we  can  get  for  the  maximum  output.  That 
means  the  three-phase  transformer. 

Another  point,  which  has  not  been  mentioned  at  all,  is  the 
underground  circuit  in  manholes.  I  do  not  think  there  is  any 
place  more  crowded  or  any  place  that  gives  more  trouble  than 
the  apparatus  installed  in  the  manhole.  Therefore  the  three- 
phase  transformer  is  particularly  good  in  that  place  because  the 
connections  are  so  much  simpler,  and  the  trouble  in  the  man- 
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holes  comes  principally  from  a  poorly  made  connection.  In  a 
three-phase  transfonner  there  are  fewer  of  them  and  therefore 
less  chance  of  poor  work. 

In  large  size  units  in  large  stations  the  question  is  not  so  much 
the  question  of  cost  of  spare  unit  as  it  is  the  question  of  the 
design  of  the  station.  Frequently  transformers  are  left  until 
the  last  thing.  The  transformers  and  the  switchboards  are 
always  left  until  after  the  station  is  designed,  and  then  we  have 
to  tuck  them  away  in  some  comer.  Therefore  the  question  is 
reliability.  The  extra  cost  of  spare  apparatus,  etc.,  does  not 
come  into  the  question  at  all.  It  is  a  question  how  much  we  can 
get  in  the  smallest  possible  space.  There  again  we  have  the 
three-phase  unit.  As  far  as  reliability  is  concerned  and  the  cost 
of  repairs,  I  think  Mr.  Schuchardt  and  Mr.  Junkersfeld  pointed 
that  out  very  well.  The  total  percentage  of  breakdowns  and 
the  total  necessity  for  repairing  is  so  small  that  I  do  not  think 
it  ought  to  come  into  the  question  at  all.  The  thiee-phase 
transformers  do  not  bum  out  any  more  than  the  single-phase.  In 
fact,  the  bum-outs  are  so  few  that  we  can  disregard  them  en- 
tirely. 

There  was  a  question  in  Mr.  Peck's  paper  about  operating  the 
three-phase  transformer  with  a  Y-connected  secondary,  stating 
that  with  the  delta  connection  we  could  operate  with  one  phase 
cut  out  and  operate  the  other  two  on  open  delta.  This  is  also 
being  done  in  many  places  with  the  Y  connection  using  the 
ground  return  where  the  system  is  grounded.  This  has  hap- 
pened in  a  number  of  cases  where  three-phase  units  are  installed 
and  one  of  the  lines  has  broken  down  and  with  a  grounded  neutral 
all  the  rotary  apparatus  and  similar  apparatus  has  gone  on 
operating,  and  the  sub-;:tation  man  hasn't  known  that  the  main 
line  was  out  until  it  was  reported  from  outside. 

Walter  S.  Moody:  It  is  pleasant  to  find  Mr.  Peck  such  a 
thorough  convert  to  the  advantages  of  the  three-phase  trans- 
former. It  is  to  be  regretted,  however,  that  America  had  to 
lose  so  able  an  engineer  before  European  practice  convinced  him 
of  the  wide  range  of  usefulness  of  the  three-phase  transformer. 

It  was  quite  natural  that  American  practice  with  its  strong 
appreciation  of  the  desirability  of  simplification  and  standardiza- 
tion of  design  and  construction  should  for  a  long  time  have 
neglected  the  saving  in  cost,  simplicity,  etc.,  resulting  from  the 
use  of  three-phase  transformers,  by  using  single-phase  trans- 
formers exclusively.  As  the  volume  of  transformers  manufac- 
tured increased,  however,  the  force  of  these  considerations  largely 
disappeared,  due  to  the  fact  that  larger  transformer  makers  had 
such  a  large  output  that  the  cost  of  manufacturing  a  given 
capacity  of  both  single-  and  three-phase  transformers  would  not 
be  appreciably  greater  than  making  the  same  capacity  of  single- 
phase  transformers  only.  One  not  acquainted  with  the  facts 
might  conclude  from  remarks  in  Mr.  Peck's  paper  that  three- 
phase  transformers  have  been  in  use  in  this  country  but  a  very 
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short  time,  and  had  been  produced  in  very  small  quantities. 
While  undoubtedly  American  desire  for  simplicity  and  inter- 
changeability  retarded  more  than  it  should  the  use  of  the  three- 
phase  transformers,  I  have  strongly  advocated  their  use  for  six 
or  seven  years,  and  have  been  responsible  for  the  design  and 
building  of  some  450,000  kw.  ranging  in  size  from  five  to  7500-kw. 
units. 

Mr.  Peck's  paper  puts  the  advantages  and  disadvantages 
most  clearly,  in  my  opinion,  and  in  all  important  respects,  most 
accurately.  There  are  one  or  two  minor  points  in  connection 
with  the  relative  advantages  of  the  core-  or  shell-type  construc- 
tion as  applied  to  three-phase  transformers  on  which  I  should 
differ  slightly.  First,  with  reference  to  the  ease  with  which 
repairs  may  be  made  on  the  core  type,  I  think  the  European 
practice  of  a  removable  yoke  is  sufficiently  objectionable  to 
offset  its  advantages.  Bolts  in  a  transformer  core  are  always 
a  souice  of  danger,  in  that  the  insulation  around  them  may 
become  charred  or  otherwise  damaged,  thereby  greatly  increas- 
ing the  eddy-current  losses.  The  butt-joint  between  the  yoke 
and  the  rest  of  the  core  can  only  be  satisfactorily  made  if  the 
surfaces  that  are  to  come  in  contact  are  milled  or  otherwise 
finished  to  a  true  surface.  If  the  surfaces  are  not  finished,  or 
even  if  they  are,  the  eddy  current  between  the  sheets  in  the  two 
parts  of  the  core  may  readily  be  sufficient  to  cause  the  welding 
together  of  the  laminations  that  Mr.  Peck  mentions.  Some 
manufacturers  use  thin  sheets  of  paper  between  the  two  parts 
of  the  core  to  avoid  this,  but  the  thinnest  paper  results  in  a  ma- 
terial increase  in  magnetizing  current. 

The  labor  involved  in  removing  the  yoke,  if  it  be  interleaved 
with  the  rest  of  the  structure,  is  not  so  great  as  might  be  sup- 
posed. I  have  seen  such  a  yoke  on  a  500-kw.  transformer  re- 
moved and  relurned  to  position  in  fifty  minutes.  This  is  cer- 
tainly not  a  long  time  compared  with  the  other  necessary 
operations,  including  the  removal  of  the  transformer  from  the 
tank  and  the  exchange  of  coils. 

As  one  of  the  disadvantages  of  the  three-phase  transformer. 
Mr.  Peck  mentions  the  likeUhood  of  a  burn-out  in  one  phase 
being  communicated  to  adjoining  phases.  This  is  quite  hkely 
to  happen  in  case  of  a  bad  short-circuit  in  the  core-type  construc- 
tion, but  I  have  never  known  it  to  happen  in  the  shell  type,  as 
the  large  body  of  iron  between  the  phases  protects  the  copper 
in  different  phases,  except  the  portion  that  projects  beyond  the 
cores,  and  at  these  points  it  is  easy  to  put  in  a  fire-proof  barrier. 
Consequently,  the  somewhat  greater  ease  with  which  the  core 
type  may  be  repaired  is  largely  offset  by  the  fact  that  the 
damage  is  likely  to  be  less  restricted  in  its  extent  than  in  the  shell 
type. 

I  agree  with  Mr.  Peck  regarding  those  crosses  between  a 
single-phase  and  a  three-phase  transformer  which  consist  of  two 
single-phase  transformers  in  one  case  connected  open  delta  or  T. 
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While  the  T-connected  sets  have  a  limited  field  of  usefulness, 
because  they  only  admit  of  returning  cuirent  to  the  neutral  of 
the  system,  yet  they  are  neither  single  nor  three-phase,  and  like 
most  compromises,  are  undesirable  in  many  ways. 

W.  B.  Jackson:  One  point  has  not  been  brought  out  which  is 
certainly  an  important  reason  for  our  not  having  adopted  the 
three-phase  transformer  in  America.  It  has  not  been  many 
years  since  the  operator  or  the  person  in  charge  of  an  electric 
transmission  plant,  in  a  district  where  serious  and  destructive 
lightning  troubles  were  encountered,  held  his  breath  during 
every  lightning  storm  and  he  usually  has  had  experiences  where 
one  single-phase  transformer  has  gone  out  of  business  and  the  two 
remaining  have  saved  the  day  without  disturbing  his  service. 

There  is  a  statement  in  Mr.  Peck's  paper  to  the  effect  that  for 
important  work  single  three-phase  transformers  are  used  in 
Europe.  I  question  whether,  for  what  we  would  consider  im- 
portant power  work,  we  should  be  willing,  even  with  the  present 
design  of  transformers,  to  use  a  transformer  without  some  re- 
serve. With  the  present  improved  transformer  design,  we  have 
arrived  at  a  time  when  the  question  of  reserve  is  not  so  im- 
portant as  it  was  a  few  years  ago,  and  when  it  may  be  policy 
in  some  cases  to  use  a  single  transformer  without  reserve  in 
cases  where  the  service  is  not  very  important.  But  if  we 
assume  a  condition  where  the  light  and  power  for  a  town,  a 
small  town  if  you  please,  is  being  supplied  from  the  transformer 
the  service  demands  a  reserve.  The  same  is  true  of  a  mining 
camp,  especially  so  if  hoists  and  mills  are  being  supplied  with 
power,  and  so  it  goes  with  most  classes  of  service.  One  must 
have  an  arrangement  by  which  a  portion  of  the  apparatus  may 
be  taken  out  of  service  and  still  the  service  will  go  on. 

We  all  appreciate  the  tendency  that  the  prevaiHng  opinion  has 
to  change  one's  ideas  on  subjects,  and  I  wonder  how  much  the 
opinion  of  a  person  who  changes  his  abode  from  America  to  the 
Continent  will  change.  I  remember,  five  years  ago,  discussing 
with  a  prominent  engineer  of  Austria  the  relative  advantages 
of  using  three-phase  transformers  for  transmission  work  as  com- 
pared with  single-phase  transformers.  He  was  unwilling  to  be 
convinced  that  there  was  a  single  reason  for  the  use  of  single- 
phase  as  against  three-phase  transformers  until  I  took  up  the 
matter  of  the  lightning  conditions  as  they  exist  in  America.  He 
was  then  willing  to  admit  that  there  might  be  cases  where  single- 
phase  transformers  would  work  into  a  power  transmission  scheme 
with  advantage  The  feeling  of  this  engineer  seemed  fairly  to 
represent  the  opinions  of  most  European  engineers. 

P.  M.  Lincoln:  There  is  one  objection  to  the  three-phase 
transformer  that  has  not  yet  been  brought  out.  I  refer  to  the 
matter  of  leads.  In  very  high  voltage  transformers,  say  60,000 
volts  and  above,  it  is  one  of  the  most  difficult  elements  of  the 
design  to  bring  out  the  leads  properly,  and  where  it  is  a  question 
*  bringing  out  three  leads  for  60,000  volts  instead  of  one,  as  is 
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the  case  with  a  grounded  neutral  Y  transformer,  or  two,  as  is  the 
case  with  a  single-phase  transformer  to  work  in  delta,  I  believe 
the  difference  is  quite  considerable,  and  that  the  difficulty  of 
bringing  out  those  three  leads  in  the  case  of  the  three-phase 
transformer  as  against  the  one  or  two  leads  in  the  case  of  the 
single-phase  transformer  is  a  question  to  be  taken  carefully  into 
consideration.  That  objection  applies  only  to  the  very  high 
voltages.  Even  with  two  leads  brought  out,  practically  all  tne 
available  space  is  taken  up  by  those  two  leads. 

If  we  have  three  transformers  connected  in  delta  it  is  possible, 
as  we  all  know,  to  go  ahead  and  do  business  on  the  two  remain- 
ing in.  However,  when  that  occurs,  either  there  must  be  an  in- 
terruption to  the  service  in  order  to  cut  out  the  damaged  trans- 
former (if  it  be  damaged)  or  else  we  must  have  automatic  ap- 
paratus such  as  reverse-current  relays  or  something  of  that 
kind  to  cut  out  the  damaged  piece  of  apparatus  automatically. 
Now  reverse-current  relays  theoretically  can  be  so  constructed 
as  to  do  that  all  right,  cut  out  that  damaged  piece  of  apparatus 
and  let  the  other  two  go  on  and  do  business.  However,  the 
experience  that  I  have  had  with  reverse-current  relays  and  such 
apparatus  would  lead  me  to  be  rather  doubtful  whether  in  actual 
practice  such  a  scheme  will  work  satisfactorily.  When  we  get 
a  short-circuit  on  these  high-tension  lines,  with  the  tremendous 
amount  of  power  behind  them  and  synchronous  apparatus  on 
the  ends  of  the  line,  there  are  surges  aiid  other  effects  going  on 
in  that  system  which  we  do  not  know  very  much  about. 

C.  W.  Stone:  About  bringing  out  the  high-tension  leads 
from  very  high  tension  transformers.  I  think  there  is  a  decided 
difficulty  in  bringing  out  the  leads  of  a  high-tension  transformer. 
I  think  there  again  the  three-phase  transformer  comes  in,  be- 
cause we  only  bring  out  three  leads  as  against  six  in  three 
single-phase  transformers,  and  wherever  we  pass  through  a  case 
there  is  a  weak  point.  We  have  six  weak  points  on  three  single- 
phase  transformers  and  only  three  weak  points  on  the  three-phase. 

P.  M.  Lincoln:  That  applies  when  the  transformers  are  con- 
nected in  delta.  On  the  very  high  tension  lines  we  have  the 
middle  of  the  star  grounded  and  that  makes  it  necessary  to 
bring  out  only  one  high-tension  lead  from  each  transformer. 
The  other  lead  can  be  connected  right  to  the  case  inside. 

C.  W.  Stone:  I  meant  to  confine  my  remark  to  the  delta  con- 
nection. 

Edward  A.  Wagner:  It  seems  to  be  the  concensus  of  opinion 
that  the  three-phase  transformer  is  the  proper  thing,  based  I 
believe  on  the  assumption  that  the  secondary  load  is  three-phase 
distribution  to  a  three-phase  motor.  In  this  country  the  prac- 
tice of  a  good  many  stations  is  to  have  three-phase  generators, 
and  distribute  mixed  loads ;  that  is,  motors  and  Hght ;  and  where 
they  distribute  for  light  the  distribution  is  frequently  scattered 
so  that  it  would  not  pay  to  put  in  a  three-phase  transformer  to 
furnish  the  light.     In  such  cases  the  single-phase  transformer 
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18  far  more  desirable,  because  the  extra  copper  required  foi 
running  the  secondary  lines  would  more  than  offset  the  ad- 
vantages of  the  three-phase  transformer.  I  think,  then,  that  in 
taking  up  the  question  of  preference  of  three  phase  over  single 
phase,  it  is  acknowledged  that  the  three-phase  transformer  is 
more  efficient  than  three  single-phase  transformers  com- 
bined, but  there  are  other  cases  where  the  condition  of  operation 
may  possibly  determine  the  necessity  of  installing  single-phase 
transformers. 

A.  H.  Pikler:  Mr.  Moody  says  that  the  disadvantage  of  the 
core-type  transformers  with  butt-joints  is  that  the  insulation 
around  the  bolts  might  get  damaged.  That  may  be  so,  but 
not  if  the  transformer  is  properly  made. 

As  to  the  increase  of  eddy  currents  due  to  the  milling  of  the 
adjoining  surfaces.  The  decreasing  of  the  eddy  currents  is  done, 
not  by  interposing  a  sheet  of  paper  between  the  yoke  and  be- 
tween the  legs,  as  Mr.  Moody  suggests,  but  by  interposing  paper 
between  the  sheets  of  the  yoke,  or  between  those  of  the  leg. 
As  to  the  increase  of  the  magnetizing  current,  it  seems  to  me 
that  the  magnetizing__current  in  a  shell-type  transformer,  other 
things  being  equal,  is  a  good  deal  higher  than  in  a  core-type  trans- 
former where  the  surfaces  are  carefully  milled,  because  the  mag- 
netic reluctance  in  a  shell-type  transformer  on  account  of  the  flux, 
the  lines  of  force,  traveling  from  one  plate  to  the  one  above, 
and  so  on,  or  from  one  plate  to  the  adjoining  plate  in  the  same 
plane  through  an  air-gap,  is  much  greater  than  in  a  core-type 
transformer  with  butt-joints.  It  seems  to  me  that  the  core-type 
transformer  with  the  butt-joints  is  a  great  advantage  to  the  cus- 
tomer, because  it  enables  him  to  repair  a  transformer  in  a  very 
short  time.  For  instance,  such  a  transformer  even  above  400  or 
500  kw.,  if  a  coil  is  damaged,  may  be  repaired  in  four  or  five 
hours,  whereas  in  a  shell-type  transformer  one  has  to  pull  out 
every  single  sheet  of  the  core,  then  take  the  coils  out,  repair  the 
coil,  and  then  build  up  again  the  core  by  single  sheets.  This 
causes  great  delay  in  repairing.  It  takes  probably  two  or  three 
days,  and  with  large  units  repairs  cannot  be  made  at  the  station 
at  all;  the  units  have  to  be  returned  to  the  factory.  Whether 
it  is  butt-joint  or  not,  I  believe  that  the  proper  construction  for 
a  high-tension  transformer  is  the  core  type,  because  in  a  core- 
type  transformer  one  can  separate  very  easily  and  conveniently, 
either  by  insulation  or  by  oil  ducts,  the  high-  and  low-tension 
windings,  whereas  in  shell-type  transformers,  both  the  high  and 
low-tension  coils  necessarily  must  be  supported  by  one  support, 
and  on  that  support  the  creeping  surface  cannot  be  made  large 
enough  to  allow  a  good  insulation.  It  is  necessary  to  put  very 
heavy  insulation  between  the  coils  and  core,  between  or  over 
the  high-tension  and  low-tension  coils.  The  disadvantage  of  this 
is  that,  if  there  is  good  insulation,  there  is  retained  within  the 
coil  also  the  heat  which  cannot  radiate,  whereas  between  the 
high-  and  low-tension  coils  in  a  core-type  transformer  there  is 
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always  circulation  through  the  open  duct  around  the  coils.  This 
is  not  the  case  with  the  shell-type  transformer.  In  the  shell- 
type  transformer  coil  there  are  quite  sharp  comers  on  the  top 
and  bottom  of  the  coil  and  at  the  same  point  there  is  the  support 
of  the  coils.  From  this  it  can  be  seen  that  at  the  very  point 
where  the  construction  is  mechanically  the  weakes't,  it  is  also 
weakest  electrically,  and  it  is  also  weak  from  the  point  of 
heating. 

E.  N.  Lake:  Irrespective  of  minute  details  of  manufacture, 
I  think  we  would  probably  all  agree  upon  the  use  of  three-phase 
transformers  if  we  confined  that  use  to  distributing  systems 
consisting  of  a  large  number  of  sub-stations  interconnected  by 
means  of  underground  circuits.  But  in  the  matter  of  the  use  of 
these  transformers  for  interurban  railway  conditions  in  which 
there  is  a  string  of  sub-stations,  any  one  of  which  is  quite  essential 
to  the  operation  of  the  road,  the  danger  of  interruption  to  the 
service  would  be  materially  greater  in  the  case  of  a  three-phase 
transformer  than  with  three  single-phase  transformers.  I  have 
in  mind  a  road  some  35  or  36  miles  in  length,  which  depends  for 
its  operation  upon  three  sub-stations.  These  sub-stations  are 
equipped  with  three  single-phase  transformers,  each  operating 
a  single  converter.  'One  spare  transformer  was  provided, 
making  a  total  of  ten  transformers  for  the  system.  During 
lightning  or  other  disturbances  upon  the  system,  when  some  of 
these  transformers  went  out,  it  was  possible  to  operate  with  only 
60%  of  the  transformer  equipment  in  service ;  that  is  to  say,  with 
four  out  of  the  ten  transformers  out  of  service,  the  road  could 
still  operate.  I  think  that  those  who  are  interested  in  the  opera- 
tion of  such  roads,  where  there  are  not  the  advantages  of  the 
interconnected  system  and  not  the  protection  against  lightning 
of  the  underground  distribution,  will  hesitate  to  recommend  the 
three-phase  transformers. 

H.  B.  Gear:  With  regard  to  the  use  of  three-phase  trans- 
formers for  pole  work  suggested  by  Mr.  Stone,  in  view  of  the 
possibility  of  using  the  open  delta  system  for  such  installations, 
the  use  of  small  three-phase  transformers  does  not  seem  to  be 
especially  advantageous.  The  saving  thus  made  by  the  use  of 
two  single-phase  transformers  instead  of  three  is  about  equiva- 
lent to  the  saving  made  in  manufacturing  cost  by  installing 
three  cores  in  one  case.  Furthermore,  so  far  at  least  as  one 
company  is  concerned,  the  prices  quoted  for  the  three-phase 
units  thus  far  show  no  saving  whatever  over  the  cost  of  three 
single-phase  units. 

As  to  the  larger  units,  say  over  25  horse-power,  where  it  is 
customary  to  use  three  one-phase  transformers,  where  they  are 
mounted  on  a  pole  the  disposition  of  the  weight  is  rather  more 
easily  effected  where  there  are  three  single  units  than  with  one 
unit.  A  60-  or  75-  or  90-kw.  unit,  which  would  be  required  for 
a  good  many  three-phase  installations  in  Chicago,  is  a  very 
awkward  thing  as  a  single  unit  to  set  on  a  pole,  unless  a  plat- 
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fonii  of  some  sort  be  set  to  one  side,  or  a  separate  pole  set  and 
a  platfonn  put  between  them,  whereas  three  20-  or  30-kilowatt 
units  can  be  installed  on  ordinary  hangers  by  using  double  arms 
of  a  little  extra  strength,  without  any  platform  construction 
and  at  less  expense  of  erection. 

As  to  the  use  of  underground  three-phase  units,  the  ad- 
vantages cited  by  Mr.  Stone  are  undoubted  in  that  the  number 
of  joints  in  the  manhole  is  reduced,  but  there  is  the  quite  ma- 
terial disadvantage  that  a  three-phase  unit  of  60  or  75  kw.  is  so 
large  that  special  manhole  covers  must  be  provided  to  get  the 
apparatus  in  and  out  of  the  manhole,  whereas,  with  the  single- 
phase  units,  either  of  them  which  may  be  damaged  can  be  taken 
in  or  out  through  an  ordinary  size  manhole  cover. 

Perhaps  the  most  serious  objection,  however,  to  the  use  of 
three-phase  units  in  a  large  distributing  system  is  the  fact  that  a 
full  equipment  of  another  type  of  apparatus  must  be  carried  in 
stock.  To  a  company  which  is  installing  and  removing  every 
day  a  considerable  number  of  transformers  for  both  lighting  and 
power  purposes,  the  question  of  keeping  a  full  quota  of  all  sizes 
in  stock  is  a  matter  of  great  importance.  Most  central  stations 
have,  therefore,  found  it  preferable  to  use  the  same  kind  of  trans- 
formers for  both  lighting  and  power,  as  they  can  thus  carry  a 
line  of  three  or  four  of  each  si^e  in  stock  and  are  prepared  for  any 
three-phase  power  installation  or  for  any  lighting  installation 
at  any  time. 

A.  H.  Pikler:  I  notice  that  the  matter  of  regulation  has  not 
been  taken  up  at  all  in  the  comparison  between  single-phase 
and  three-phase  transformers.  The  regulation  of  a  single-phase 
transformer  is  better  than  that  of  a  three-phase  transformer. 
The  regulation  depends,  especially  in  the  case  of  power  trans- 
formers, where  the  load  has  a  power-factor  less  than  unity, 
mostly  upon  the  reactance  of  the  transformer.  In  a  core-type 
transformer  the  reactance  depends  upon  the  length  of  the  leg 
over  which  the  coils  are  distributed,  the  relative  distance  be- 
tween the  coils,  and  finally  the  thickness  of  the  coils.  In  a 
shell-type  transformer  it  depends  on  the  dimensions  of  the  coils 
and  the  number  of  subdivisions  between  the  primary  and  the 
secondary  coils.  If  we  make  three  single-phase  transformers 
into  one  three-phase  transfor  ner,  then,  in  a  core  type,  we  have 
to  use  a  shorter  core  and  thicker  coils,  consequently  the  reactance 
of  the  transformer  will  be  greater.  In  a  shell  type  when  com- 
bining three  single-phase  transformers  into  one  three-phase 
transformer,  we  have  to  crowd  the  coils  together,  and  make  them 
thicker,  allowing  less  intermingling  between  primary  and 
secondary  coils,  else  the  magnetic  circuit  will  grow  too  big,  the 
weight  of  iron  too  great,  and  the  magnetizing  current  excessive. 
So  from  this  we  can  see  that  the  reactance  in  both  cases  is  greater 
and  the  regulation  of  three-phase  transformers  compared  with 
single-phase  is  worse. 

Edward  A.  Wagner :     I  do  not  agree  with  Mr.  Pikler  on  that 
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score.    The  combining  of  three  single-phase  transformers  into  one 
common  unit  or  on  one  common  magnetic  circuit  does  not  affect 
the  reactance  of  those  coils,  because  the  reactance  of  the  coils 
due  to  the  leakage  in  the  iron  is  negligible.     The  internal  reac- 
tance of  the  coils  is  proportional  to  the  area  of  the  path  between 
primary  and  secondary  and  inversely  as  the  length.    Combining 
them  on  a  magnetic  structure  so  as  to  get  a  multiphase  magnetic  / 
path  does  not  affect  the  reactance  of  each  separate  coil,  and  it  / 
should  not,  therefore,  affect  the  regulation,  since  the  regulation/ 
is  due  entirely  to  the  combination  of  the  resistance  and  thel 
reactance  of  both  primary  and  secondary  coils. 

A.  H.  Pikler:  I  did  not  say  that  the  combined  flux  affects 
the  primary  and  secondary  coils  of  the  reactance  at  all.  I  took 
one  single-phase  transformer  alone  and  one  three-phase  trans- 
former alone,  a  single-phase  transformer  of  one-third  of  the 
capacity  of  the  three-phase  and  the  three-phase  transformer  the 
aggregate  capacity  of  three  single-phase  transformers.  If  you 
know  what  are  the  factors  in  determining  the  reactance  of  a 
transformer,  it  is  obvious  that  in  a  single-phase  transformer 
those  factors  are  more  favorable  for  a  smaller  reactance  than  in  a 
three-phase  transformer.  The  combined  flux  has  absolutely 
nothing  to  do  with  it. 

Edward  A.  Wagner:  As  I  understand  Mr.  Pikler,  his  compar- 
ison is  on  the  basis  of,  say,  300  kw.  capacity.  He  makes  the 
statement  that  if  we  have  a  300-kw.  three-phase  transformer,  and 
on  the  other  hand  three  100-kw.  single-phase  transformers,  that 
the  single-phase  transformers  connected  delta  or  Y.  whichever 
way  he  pleases,  will  give  better  regulation  than  the  300  kw., 
three-phase  transformer.  Now  the  only  difference  between 
the  three  single-phase  transformers  and  the  one  three-phase 
transformer  is  that  the  three-phase  transformer  has  the  same 
number  of  coils  combined  on  a  smaller  core,  and  since  the  core- 
loss  is  proportional  to  the  weight,  we  gain  greater  efficiency  in 
total  output.  But  as  far  as  reactance  of  the  coils  and  the  re- 
sistance and  the  weight  of  copper  in  the  outfit,  there  is  no 
difference  between  the  three  single-phase  transformers  and  the 
one  three  phase  transformer,  because  the  reactance  of  the  coils 
is  the  same  in  either  case. 

A.  S.  McAllister  (by  letter) :     Mr.  Peck  says: 

On  account  of  the  phase  relations  of  the  currents,  the  capacity  of  each 
(V-connected  or  T-connected)  transformer  must  be  15  per  cent,  greater 
than  half  the  capacity  of  the  three-phase  transformer,  with  a  correspond- 
ing increase  in  cost  and  losses.  There  is  another  serious  objection  to 
this  (either  the  T  or  V)  arrangement,  for  on  account  of  the  out-of-phase 
relation  of  voltage  and  current  the  voltage  across  the  three  phases  will 
not  remain  balanced  as  the  load  comes  on. 

The  author's  remarks  are  true  when  applied  to  the  V-con- 
nection,  but  they  must  be  somewhat  modified  when  dealing 
with  the  T-connection.  When  two  transformers  are  T-con- 
nected on  both  their  primary  and  secondary  sides,  one  of  the 
transformers  must  be  designed  for  15.5  per  cent,  more  volt- 
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amperes  than  one-half  the  rating  of  the  equivalent  three-phase 
transformer,  but  the  other  transformer  is  subjected  to  exactly 
one-half  of  the  volt-amperes  of  the  three-phase  transformer.  If 
the  voltage  between  the  phase  leads  is  E,  and  the  current  per 
lead  /,  the  three-phase  transformer  must  be  designed  for  1.732 
IE]  one  of  the  T-connected  transformers  would  be  designed  for 
/  E  and  the  other  for  0.866  E  I, 

Two  transformers  with  T-connected  primaries  and  secondaries 
will  transform  three-phase  power  from  one  voltage  to  another 
without  voltage  distortion  equally  as  well  as  will  two  similar 
transformers  used  to  change  power  from  two-phase  to  three- 
phase  ;  even  for  unbalanced  loads  the  transformation  will  be 
satisfactory,  provided  only  that  the  transformer  with  the  larger 
volt-ampere  rating  be  constructed  with  its  primary  and  secondary 
coils  well  interspaced. 

W.  F.  Lamme  (by  letter):  The  strongest  argument  against 
using  three-phase  instead  of  single-phase  transformers  is  the  one 
of  accident  to  the  transformer,  but  when  the  installation  of 
transformers  becomes  very  large  so  that  the  number  of  reserve 
transformers  becomes  large  this  argument  of  accident  decreases. 

Transformers  as  built  to-day  by  responsible  manufacturers 
are  quite  reliable,  and  the  chances  of  breakdowns  are,  or  can  be 
made,  remote.  In  the  case  of  three-phase  transformers  this 
reliability  can  be  increased  by  the  use  of  more  careful  design 
and  construction  and  higher  insulation  tests,  and  the  customer 
can  still  get  his  three-phase  transformer  at  less  than  three 
single-phase  transformers  will  cost  him,  and  the  risk  of  a  shut- 
down in  the  two  cases  due  to  accident  to  the  transformer  may 
be  considered  as  equal. 

K.  C.  Randall  (by  letter):  For  quite  small  units  up  to  ap- 
proximately 100  kw.,  or  even  larger,  where  interruption  may  be 
tolerated,  the  three-phase  unit  will  doubtless  show  up  well. 
Where  the  units  are  larger  and  isolated,  and  especially  where 
continuity  of  operation  is  of  prime  importance,  three  single- 
phase  units  will  probably  show  better  in  three-phase  work.  As 
sizes  of  1000  kw.  and  larger  are  approached,  the  three-phase 
units  again  come  to  the  front,  especially  as  to  installation  costs. 

As  to  handling  when  the  station  is  new,  during  the  course  of 
construction  provisions  may  be  made  for  lifting  nearly  any  size 
unit  which  it  may  seem  desirable  to  install;  therefore,  the  choice 
of  the  single-phase  unit  is  not  necessarily  an  essential  considera- 
tion. If  a  large  growth  of  power  business  is  contemplated,  and 
if  at  first  it  is  desirable  to  install  but  one  or  two  of  the  future  six 
or  eight  units,  it  may  be  advisable  to  use  the  three-phase  units 
irrespective  of  their  size. 

If  the  station  be  an  old  one,  it  will  probably  be  desirable  to 
adhere  to  the  already  selected  type  of  unit,  unless  the  original 
choice  has  been  subject  to  improvements,  which  would  warrant 
the  selection  of  different  units.  This  would  mean  two  different 
types  within  the  same  station,  or  upon  the  same  system,  and 
probably  sacrifice  the  interchangeable  feature. 
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The  failure  of  a  three-phase  transformer  or  of  one  of  a  group  of 
single-phase  transfonners  is  about  of  equal  significance  in  its 
bearing  upon  a  shutdown.  In  either  case,  if  operation  is  delta- 
delta,  switches  may  be  so  arranged  that  the  transformer  on 
the  faulty  phase  may  be  cut  out,  the  remaining  two  transformers 
operating  in  V  to  carry  a  portion  of  the  load.  This  applies 
equally  well  to  the  single-phase  or  three-phase  units.  Shell - 
type  transformers  are  here  contemplated.  A  failure  in  any 
phase  of  a  core-type  will  put  the  transformer  out  of  service,  unless 
the  faulty  phase  can  be  opened  and  isolated.  If  operation  were 
star  on  either  end,  then  operation  could  not  be  continued  until 
the  unit  was  repaired  or  replaced.  The  cost  of  the  three  single- 
phase  units  with  a  spare  unit  may  be  called  400% ;  and  the  cost  of 
two  equivalent  three-phase  units  500%.  The  cost  of  two  groups 
of  single-phase  units;  that  is,  six  transformers,  will  be  600%. 
As  a  matter  of  fact,  it  is  doubtful  if  the  two  three-phase  units 
will  actually  cost  any  more  than  the  four  single-phase  units  when 
they  are  finally  installed,  wired  up,  water-piping  completed, and 
ready  for  operation,  the  single-phase  units  being  arranged  so 
that  any  three  may  operate  in  a  bank,  and  the  three-phase  units 
being  arranged  to  operate  singly  or  in  parallel,  as  may  be  de- 
sirable. It  should  not  be  lost  sight  of  that  the  three-phase 
units  have  a  capacity  of  200%,  while  the  three  single-phase 
units  have  a  capacity  of  but  100%,  it  being  impracticable  to 
use  the  fourth  transformer  to  advantage  with  the  delta-connected 
group.  However,  the  four  transformers  may  be  connected  in 
open  delta,  two  on  each  leg,  so  that  a  capacity  of  13%  higher 
with  the  same  heating  effect  in  the  transformers,  is  obtained. 
The  gain  in  capacity  is  in  general  obtained  at  the  expense  of 
regulation,  it  being  well  known  that  transformers,  operating 
in  **  y  "  or  open  delta,  do  not  give  equal  regulation  on  the  three 
legs  of  the  three-phase  circuit. 

It  would  then  appear  that  for  good  size  units,  say  1500  to 
2000  kw.,  in  stations  where  considerable  power  is  to  be  used  and  a 
continual  growth  of  business  is  expected,  it  will  frequently  be 
advisable  to  employ  three-phase  units  rather  than  single-phase, 
as  in  this  way  complete  new  units  may  be  installed  one  at  a 
time  to  much  better  advantage  than  if  single-phase  units  were 
used  in  groups  of  three.  The  three-phase  unit  being  the  heaviest, 
it  will  generally  be  more  difficult  to  handle,  particularly  in  the 
case  of  old  stations  where  crane  facilities  are  very  limited;  yet 
it  still  may  seem  advisable  to  install  the  three-phase  unit,  making 
a  special  effort  for  this  purpose.  Side  tracks  are  now  generally 
found  near  stations,  so  that  the  transportation  matter  is  pretty 
well  taken  care  of. 

There  is  a  tendency  to  ship  transformers  unassembled,  as  is 
done  with  large  generators.  If  this  is  done  the  disadvantage  of 
the  additional  weight  of  three-phase  over  single-phase  units  is 
small,  and  it  will  only  require  the  attention  of  an  experienced 
man  for  a  number  of  days  to  put  together  the  three-phase  units 
on  the  premises  rather  than  at  the  manufacturer's  works. 
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D.  L.  Huntington  (by  letter):  For  nearly  four  years  the 
company  with  which  I  am  connected  has  been  purchasing  three- 
phase  transformers  for  nearly  every  installation  of  150  kw.  or 
more,  and  is  using  transformers  of  this  kind  in  sizes  from  150 
kw.  to  2200  kw.  These  transformers  have  been  installed  on 
60,000-volt  lines,  star-connected  with  grounded  neutral.  Under 
these  circumstances  there  would  be  practically  no  advantage  in 
case  of  breakdown  by  the  use  of  three  one-phase  transformers, 
as  the  latter  could  not  be  used  to  obtain  temporary  service. 

On  all  remaining  points  the  three-phase  transformer  has  a 
distinct  advantage;  namely,  first  cost,  convenience,  simpUcity 
of  wiring,  space  occupied,  piping  and  general  expense  of  drying 
out,  filling  with  oil,  and  installing.  If  the  large  quantities  of  oil 
used  in  transformers  be  considered  a  serious  fire-risk,  the  one- 
phase  installation  will  be  much  more  of  a  risk  than  the  three- 
phase  on  account  of  the  larger  quantity  of  oil  required. 

Mr.  Peck  says  that  with  the  core-type  one-  or  three-phase 
transformers  there  is  much  less  need  of  providing  spare  capacity 
i   than  if  the  shell  type  is  used.     I  wish  that  our  experience  would 
I   bear  out  this  conclusion ;  but  unfortunately  we  have  had  all  our 
I   transformer  troubles  with  core  type  and  none  with  shell  type. 
j    I  will  of  course  admit  that  in  case  of  a  bum-out  the  core  type  is 
much  more  readily  repaired ;  but  in  that  very  fact  lies  the  reason 
of  its  inferiority  as  against  trouble,  for  the  looseness  of  construc- 
tion, which  so  readily  admits  of  the  removal  of  coils  is  the  cause 
of  most  of  its  failures,  so  far  as  our  experience  goes. 
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FORCED-OIL  AND  FORCED- WATER  CIRCULATION  FOR 
COOLING  OIL-INSULATED  TRANSFORMERS 


BY    C.    C.    CHESNEY 

With  the  increased  demand  for  large  individual  trans- 
formers, and  for  installations  of  large  aggregate  capacity,  the 
relative  merits  of  forced-oil  and  forced- water  ciiculation  for 
the  cooling  of  oil-insulated  transformers  have  been  recently 
receiving  the  special  attention  of  transformer  designers. 

The  method  of  cooling  transformers  by  means  of  forced- 
water  circulation  has  been  in  use  a  number  of  years,  and  is  too 
well  known  to  require  any  more  than  a  very  general  description. 
The  essential  feature  is  a  cooling  coil  of  pipe  composed  of  a  number 
of  turns  of  iron,  brass,  or  copper  pipe  placed  in  the  oil  in  the 
upper  part  of  the  containing  tank,  and  generally  above  and 
around  the  ends  of  the  transformer  windings.  Through  this 
coil  is  circulated  the  necessary  cooling  water,  the  heat  being 
transferred  from  the  winding  and  core  to  the  pipe-coils  by  the 
natural  circulation  of  the  oil  from  the  heated  parts  of  the  trans- 
former to  the  cooler  pipe-coil. 

The  more  recent  methods  of  cooling  transformers  by 
forced-oil  circulation  does  away  entirely  with  any  internal 
cooling  coils,  but  makes  necessary  external  auxiliary  cooling 
apparatus.  The  lower  part  of  the  windings  of  the  transformer 
is  enclosed  in  a  metal  box  containing  suitable  directing  plates, 
and  this  box  is  connected  to  the  oil  inlet  by  a  vertical  pipe 
raised  to  the  top  of  the  tank  and  passing  through  the  cover. 
The  outlet  pipe  has  its  opening  somewhat  above  the  top  of  the 
windings,  thereby  insuring  a  safe  oil  level.  Oil  under  a  slight 
pressure  is  introduced  through  the  inlet  pipe,  and  in  passing 
through  the  transformer  the  oil  is  brought  into  intimate  contact 
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with  the  various  windings  and  laminations  by  means  of  ducts 
and  directing  plates.  After  leaving  the  transformer,  the  oil 
flows  through  an  external  cooling  system  containing  a  surface 
condenser  and  strainer,  and  an  oil  pump,  the  latter  providing 
the  pressure  needed  to  keep  the  oil  moving  at  a  proper  rate 
through  the  entire  system.  An  additional  pump  is  provided 
to  circulate  water  through  the  condenser.  SufBicient  water  is 
usually  circtdated  through  the  condenser  to  give  a  10®  cent,  rise 
to  the  water  temperature,  and  the  rate  of  oil-flow  is  usually 
adjusted  to  approximately  twice  that  of  the  water.  The 
organization  of  the  entire  cooling  system  is  shown  in  Fig.  1. 

To  offset  the  additional  cost  which  this  auxiliary  cooling 
apparatus  represents,  there  is  a  less  first  cost  of  the  transformer 
proper,  due  to  the  markedly  more  efficient  cooling  which  the 
positive  circtdation  of  the  oil  insures,  and  to  the  prevention  of  any 
local  heating,  in  pockets,  etc.  The  density  in  both  copper  and 
iron  can  be  increased  for  the  same  temperature  rise,  which 
means  less  material  used  in  the  design  of  the  transformer.  In 
addition,  since  there  is  no  cooling  coil,  the  tank  can  be  reduced 
in  height,  and  less  oil  will  be  needed  to  fill  it. 

The  total  saving  in  the  transformer  proper  will  vary 
from  16  to  25%,  depending  upon  the  size  of  the  transformer. 
The  reduced  height  of  the  transformer  is,  however,  particularly 
welcomed  on  the  score  of  shipment.  With  forced- water  circula- 
tion the  designer  is  handicapped,  in  the  larger  sizes,  by  being 
limited  to  a  height  of  approximately  11  feet;  this  being  the 
maximum  height  that  can  be  safely  shipped  on  any  of  the  Ameri- 
can railroads.  By  the  use  of  forced-oil  apparatus,  however, 
the  capacity  of  the  transformer  which  can  be  shipped  completely 
assembled  is  materially  increased.  On  the  other  hand,  as 
against  the  gain  in  head-room  the  total  floor  space  required  will 
be  greater,  on  account  of  the  additional  floor  space  required  for 
the  auxiliary  cooling  apparatus. 

If  a  comparison  of  the  total  cost  of  the  transformers 
installed  is  taken,  the  balance  in  favor  of  the  forced-oil  system 
appears  for  the  large  installations  of  4000  to  5000  kw.  when 
composed  of  individual  transformer  units  of  not  less  than  1200 
to  1500  kw.  While  forced-oil  circulation  is  undoubtedly  out 
of  the  qestion  for  smaller  plants  and  smaller  units,  it  merits  for 
the  large  power  plants  the  most  careful  consideration  of  any 
engineer. 
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Discussion  on  "  Forced-Oil  and  Forced-Water  Circula- 
tion  FOR  Cooling   Oil-Insulated   Transformers,"   at 
Chicago,  May  24,  1907 

C.  W.  Stone:  Mr.  Chesney  points  out  one  thing  that  should 
be  considered  in  two  ways;  the  extra  floor  space  required.  It 
is  true  that  if  one  considers  the  space  taken  by  the  condenser 
outfit  for  cooling  the  oil  and  the  extra  pumping  apparatus  neces- 
sary, more  floor  space  may  be  required,  but  that  extra  floor 
space  can  usually  be  found  in  most  stations.  The  space  neces- 
sary for  the  cooling  apparatus,  the  pump  and  condenser,  is  not 
so  great  as  the  space  occupied  by  the  transformer,  and  they 
can  usually  be  put  away  in  some  comer  in  the  station.  Also 
in  several  cases  I  have  found  it  advisable  to  install  this  cooling 
coil,  not  in  a  part  of  the  station  but,  say,  in  the  tail-race,  using 
the  water  from  the  turbine  to  do  the  cooling.  There  is  not, 
therefore,  the  complication  of  extra  pumping  facilities;  there 
would  be  one  set  of  pumps  similar  to  those  that  are  ordinarily 
used  for  forced  water  circulation  in  a  water-cooled  transformer. 

Another  important  thing  to  consider  in  connection  with  the 
forced  oil-cooling  of  tranrformers  is  head-room.  Most  of  the 
attention  given  in  this  paper  is  on  the  score  of  shipment.  This 
is  a  serious  matter  only  in  the  very  largest  size ;  but  frequently 
in  the  design  of  a  water-power  station  where  the  station  is  built 
right  on  the  rock,  considerable  excavating  is  necessary  in  order 
to  provide  transformer  compartments;  and  where  the  rock  is 
solid,  the  expense  is  considerable,  and  if  one  can  dispense  with 
any  head  room  at  all  it  is  well  worth  saving,  even  if  it  is  neces- 
sary to  incur  the  expense  of  extra  pumping  facilities. 

It  is  also  true  that  the  oil  is  under  moderate  pressure ;  there- 
fore very  little  trouble  should  be  experienced  from  the  pumping 
outfit  with  forced  oil  circulation  and  separate  cooling.  That 
is,  the  troubles  experienced  are  not  nearly  as  serious  as  in  most 
central  stations  where  the  oil  has  to  be  pumped  anyway,  and 
frequently  at  much  higher  pressure.  An  ordinary  small,  low- 
pressure,  motor-driven  pump  is  about  as  simple  a  device  as 
can  be  put  in  a  station. 

W.  S.  Moody:  One  little  detail  that  Mr.  Stone  did  not  speak 
of  in  connection  with  forced-oil  designs  is  perhaps  worth  men- 
tioning; namely,  the  incidental  advantage  attained  when  it  is 
possible  to  locate  the  cooler  in  the  tail-race  of  a  generating 
station.  Here,  having  practically  an  infinite  quantity  of  water 
compared  with  what  is  actually  needed  for  the  cooling,  there 
is  no  perceptible  rise  in  temperature  of  the  water. 

When  the  water  for  cooling  is  pumped  through  the  cooler  it 
is  hardly  ever  practicable  to  use  a  larger  quantity  of  water  than 
that  which  will  be  raised  about  10  degrees  in  temperature; 
consequently  the  average  temperature  of  the  cooling  water, 
when  the  cooler  is  in  the  tail-race,  can  be  considered  as  five 
degrees  less  than  when  water  is  pumped  through  the  cooler. 
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The  result  is  either  a  reduction  of  five  degrees  in  the  actual 
temperature  of  the  transformer  under  full  load,  or  the  possi- 
bility of  using  a  cheaper  transformer  having  the  same  actual 
temperature  as  one  cooled  by  artificially  circulated  water. 

A.  Henry  Pikler:  The  idea  of  cooling  transformers  in  this 
way  is  not  recent.  The  reason  for  the  increasing  use  of  this 
method  of  cooling  is  due  to  the  development  of  very  large 
units,  which  require  special  devices  for  keeping  the  temperature 
within  the  proper  limits. 

The  dissipation  of  heat  in  transformers  with  forced  oil  circula- 
tion is  primarily  due  to  convection  and  not  to  conduction  or 
radiation.  Consequently  the  speed  with  which  the  oil  is  forced 
through  is  of  vital  importance;  the  greater  the  speed  up  to  a 
certain  limit,  the  better  the  cooling  and  therefore  the  smaller 
the  apparatus  for  a  certain  given  rise  in  temperature.  There- 
fore the  statement:  "The  total  saving  in  the  transformer 
proper  will  vary  from  15  to  25%  depending  upon  the  size  of 
the  transformer,"  has  very  little  value  unless  the  speed  be  given. 

As  in  all  apparatus  which  has  forced  cooling,  so  with  this 
one — ^the  danger  arises  in  the  case  of  breakdown  of  the  cooling 
arrangement.  The  density  in  the  copper  and  the  iron,  and 
consequently  the  heat  generated,  is  higher  in  this  than  in  trans- 
formers cooled  by  other  means.  If  the  cooling  arrangement 
gets  out  of  order,  the  former  kind  of  transformer  can  be  operated 
without  forced  cooling  for  fewer  hours  than  the  latter;  this  is 
certainly  a  disadvantage  in  the  former  system. 

W.  B.  Jackson:  There  seems  to  be  one  advantage  here  which 
has  not  been  pointed  out.  In  this  system  of  water  cooHng 
transformers  the  possibilities  of  trouble  from  leaking  water 
pipes  may  be  entirely  eliminated;  in  other  words,  instead  of 
there  being  pressure  tending  to  force  the  water  into  the  oil  it 
is  entirely  practicable  so  to  arrange  the  system  that  the  water 
will  be  drawn  through  the  cooling  coils  in  such  a  way  that  the 
old  danger  of  water  getting  into  the  oil  and  in  that  way  short- 
circuiting  the  transformers,  is  entirely  overcome. 

W.  S.  Moody:  I  was  just  referring  to  this  particular  possi- 
bility of  trouble.  As  soon  as  the  idea  of  using  the  forced-oil 
method  of  cooling  occurred  to  us,  this  source  of  danger  natu- 
rally presented  itself  as  something  necessary  to  guaid  against. 
We  do  so  by  simply  arranging  that  the  water  and  oil  pressures 
in  the  cooler  be  such  that  the  leakage  will  be  in  the  direction 
from  the  oil  to  the  water,  so  that  if  there  is  any  little  leak  the 
result  is  simply  a  little  loss  in  oil.  There  is  no  possibility  of  water 
leaking  in  the  other  direction. 

P.  M.  Lincoln:  There  is  one  disadvantage  that  occurs  to 
me  and  one  which  no  one  has  yet  mentioned,  and  one  which 
the  oil  transformer  designer  realizes  more  than  anything  else; 
namely,  that  oil  is  the  hardest  stuff  there  is  to  keep  where  it 
belongs;  and  the  more  piping,  etc.  there  is  to  convey  this  oil 
around  the  more  danger  there  is  of  getting  leaks  and  a  con- 


1907]  DISCUSSION  AT  CHICAGO  839 

dition  which  might  be  best  designated  by  the  term  "  sloppy". 
That  is,  I  think,  one  real  objection  to  the  scheme  of  having 
forced  oil  circulation  rather  than  the  present.  It  is  undoubtedly 
cheaper;  that  is  to  say,  there  are  bound  to  be  less  materials 
used  with  a  properly  designed  oil  circulation  than  if  the  oil  is 
allowed  to  circulate  itself,  and  efficiency  can  be  improved  for 
the  reason  that  with  a  more  efficient  means  of  carrying  off  the 
heat  there  is  bound  to  be  an  improvement  in  efficiency.  As 
against  that  there  is  this  condition  of  having  a  greater  ten- 
dency to  leakage  and  having  an  auxiliary  apparatus  which  the 
modem  operator,  if  my  experience  leads  me  to  judge  aright, 
tends  to  avoid  rather  than  to  court. 

S.  M.  Kintner  (by  letter) :  Mr.  Chesney  treats  only  briefly  a 
subject  about  which  a  great  many  interesting  things  can  be 
said.  In  his  brevity  he  has  left  at  least  one  point  that  needs 
to  be  qualified.  He  says:  "The  density  of  both  copper  and 
iron  can  be  increased  for  the  same  temperature,  etc."  The 
above  is  true  for  the  higher  frequencies  only  so  far  as  change 
in  density  in  the  iron  is  concerned.  It  is  not  the  loss  and  con- 
sequent temperature  in  the  iron  that  prevents  a  greater  mag- 
netic density  for  the  lower  frequencies,  but  it  is  the  increased 
magnetizing  currents  that  would  follow  working  at  any  greater 
magnetic  intensity. 

There  are  several  characteristics  of  oil  that  must  be  borne 
in  mind  for  a  thorough  appreciation  of  the  various  methods 
employed  in  cooling  oil-insulated  transformers. 

The  oil  is  an  extremely  poor  conductor  of  heat.  I  have  re- 
peatedly noted  temperature  differences  of  60*^  cent,  in  a  column 
of  oil  only  6  in.  tall.  The  heat  was  of  course  applied  at  the 
top  of  the  oil  column.  The  above  condition  is  one  that  existed 
after  several  hours'  operation  so  as  to  insure  a  final  balance  of 
temperature  conditions. 

The  oil  carries  heat  by  convection  currents  only  and  con- 
sequently has  a  tendency  to  pass  upward  only.  This  makes 
it  extremely  important  to  see  to  it  that  no  dead  oil  pockets 
exist  in  the  transformer,  as  otherwise  a  hot  spot  of  50  degrees 
or  60  degrees  cent,  excess  might  exist  locally  in  the  windings. 

The  oil  film  heated  by  contact  with  the  hot  coil  tends  to  rise 
along  that  face.  This  oil  film  is  very  thin  and  exceedingly 
difficult  to  measure.  Temperature  measuiements  taken  by 
thermometer  laid  alongside  of  the  coil  face  will  give  an  incorrect 
reading,  unless  specially  guarded  against  the  oil  flow.  Tem- 
perature differences  of  five  or  six  degrees  have  been  noted 
within  one-eighth  of  an  inch  of  the  coil  face  when  explored 
with  a  point  thermo-couple. 

Oil  acts  simply  as  a  heat  ferry  in  taking  the  heat  from  the 
inside  of  the  transformer  to  the  place  where  it  can  deliver  this 
excess  heat  to  a  dissipating  body.  It  is,  therefore,  e^ddent  that 
large  '*  docking  facilities  "  are  very  essential  in  order  to  prevent 
congestion  of  traffic  of  the  little  heat  ferries;  that  is  to  say, 
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ample  contact  area  between  the  oil  and  the  source  of  heat  and 
again  between  the  oil  and  the  dissipating  body  is  required. 

All  the  above  points  should  be  given  thorough  consideration 
in  the  development  of  the  various  systems  of  transformer  cool- 
ing. The  following  brief  discussion  gives  the  principal  points 
involved  in  the  best  known  methods  of  cooling. 

Self-cooling,  oil-insulated  transformers.  Self-cooling  trans- 
formers give  up  their  heat  to  the  surrounding  air  and  the  im- 
provements in  these,  in  so  far  as  cooling  is  concerned,  have  been 
improving  the  facilities  of  ^he  oil  for  loading  and  unloading  the 
heat.  The  unloading  facilities  have  been  improved  by  using 
corrugated  cases,  by  using  cast  iron  ribs  and  pins,  by  using 
larger  tanks  (particularly  taller  ones  as  the  top  of  a  transformer 
tank  is  by  far  the  most  effective  radiator  to  the  air  on  accotmt 
of  its  higher  temperature  above  air)  and  lastly  by  using  tubes, 
containing  a  certain  proportion  of  volatile  liquids  that  will 
vaporize  on  being  heated  slightly,  and  consequently  keep  the 
tubes  at  almost  uniform  temperature  throughout  their  entire 
length. 

AH  of  the  above  devices  have  sought  to  get  more  contact 
area  of  heated  air  with  tank  or  body  which  is  to  deliver  the 
heat  to  the  air,  and  to  get  more  oil  contact  surface  with  the 
tank  or  as  equivalent. 

Forced  water-cooled  transformers.  As  the  speed  with  which 
the  oil  moves  is  directly  dependent  upon  the  temperature  dif- 
ference of  the  oil,  it  is  evident  that  more  rapid  oil  movements 
will  be  obtained  in  the  water-cooled  transformer  with  its  chilling 
water  coils  near  the  top  of  the  tank  than  in  the  self -cooler.  The 
increase  in  oil  speed  is  a  very  desirable  thing,  as  it  sweeps  out 
the  oil  vent  ducts  in  the  transformer  and  keeps  them  supplied 
with  fresh  cold  oil.  The  speed  of  oil  movement  is  dependent 
upon  the  temperature  difference  between  the  hot  oil  and  the 
cold  oil  in  which  it  is  immersed.  This  speed  can  never  exceed 
a  certain  maximum  because  of  permissible  temperature  differ- 
ences being  limited  to  fairly  small  values,  possibly  not  more 
than  20  degrees  cent,  should  be  allowed.  It  is  evident  therefore, 
that  this  method  of  cooling  reaches  its  limits  from  the  lack  of 
sufficient  speed  of  oil  movement. 

There  have  been  some  instances  of  cooling  in  which  the 
transformer  tank  was  immersed  in  running  water.  This  is  but 
a  modification  of  the  above  method  and  has  given  satisfactory 
service  in  a  number  of  places. 

Care  must  be  exercised  in  using  these  methods  to  prevent 
leaks  of  water  into  the  oil,  as  a  trifling  amount  of  water  will 
cause  serious  damage. 

Moisture  will  sometimes  condense  on  the  surface  of  the 
water-cooling  pipes  at  the  points  where  they  enter  the  trans- 
former; this  is  caused  by  their  temperature  being  lower  than 
that  of  the  surrounding  air  and  is  readily  prevented  by  lagging 
the  pipe  so  as  to  prevent  its  coming  in  contact  with  the  air 
inside  the  transformer  tank. 
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Frequent  inspection  of  the  water  coils  is  necessary  to  make 
sure  they  are  not  collecting  sediment  on  the  inside  that  would 
prevent  water  flow. 

Forced-oil  circtUation  transformer  cooling.  This  method,  which 
involves  the  drawing  off  the  hot  oil  from  the  top  of  the  trans- 
former tank  and  the  cooling  of  the  oil  before  it  is  returned, 
has  its  principal  advantage  in  the  increased  rate  of  oil  movement 
that  is  possible. 

It  has  an  additional  advantage  in  that  the  cold  oil  can  be  de- 
livered directly  in  the  transformer  against  the  copper  and  iron. 

It  is  possible  with  this  method  of  cooling  to  increase  the 
rating  of  the  transformers  from  15  to  30  per  cent.,  depending 


Fig.  1. 


upon  conditions  involved  in  individual  cases.  A  fairly  accurate 
idea  can  be  obtained  of  the  amount  of  cooling  possible  with 
this  method  if  the  figure  9  gallon-degree-min.  per  kilowatt  is 
taken.  From  25  to  30  degrees  of  cooling  is  possible  if  suffi- 
cient radiator  capacity  can  he  obtained.  There  is  no  diffi- 
culty in  getting  this  if  the  radiators  are  immersed  in  cool  run- 
ning water. 

Figs.  1,  2,  and  3  illustrate  an  installation  of  the  above  kind 
at  DeCew  Falls,  near  St.  Catherines,  Ontario.  In  this  plant, 
five  2500-kw.  oil-insulated  transformers  are  each  provided  with 
a  forced-oil  cooling  system.     In  this  installation  each  trans- 
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former  has  an  independent  cooling  system  which  is  in  no  way 
connected  to  the  others  save  in  the  source  of  electric  supply 
of  the  individual  motors. 

Rotary  pumps  drivwi  by  induction  motors,  all  arranged  on 
the  same  sub-base  as  shown  in  Fig.  1,  circulate  the  oil  at  the 
rate  of  approximately  90  gallons  per  minute.  The  oil  is  drawn 
from  the  top  of  the  tank  by  a  pipe  which  enters  the  tank  through 
the  cover  and  dips  down  into  the  oil  to  a  depth  of  approximately 
eight  inches  below  the  surface.  The  oil  aiter  passing  through 
the  pump  passes  to  the  cooling  coils.  Fig.  2  is  a  view  of  one 
of  the  coils  taken  as  it  v/as  being  lowered  into  position  in  the 
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tail-race  of  the  plant.  The  oil,  after  passing  through  this  coil 
where  its  temperature  is  lowered  to  within  a  few  degrees  of  that 
of  the  water,  is  deUvered  directly  against  the  bottom  of  the 
copper  coils  of  the  transformer.  The  bottom  of  the  transformer 
is  partly  closed  so  as  to  force  the  large  part  of  the  cold  oil  to  pass 
upward  through  the  transformers.  The  rest  of  the  oil  passes 
up  around  the  outside  of  the  iron  and  assists  in  carrying  away 
the  heat  due  to  the  iron  loss. 

A  check-valve  is  placed  in  the  pipe  at  the  inlet  to  provide 
against  possible  danger  of  draining  all  the  oil  in  the  event  of 
the  cooling  coils  being  torn  away  by  ice  or  drift  in  the  tail-race. 
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The  pressure  of  the  oil  is  always  in  excess  of  that  of  the 
water,  and  consequently  a  leak  would  cause  a  loss  of  oil  but  no 
inflow  of  water.  A  very  small  oil  leak  is  readily  noticeable  in 
the  water,  so  that  the  system  seems  amply  safeguarded  both 
as  regards  safety  of  operation  of  the  transformers  and  against 
loss  of  oil. 

Fig.  3  shows  several  of  the  cooling  coils  in  position.  This 
view  was  taken  at  a  low-water  period  during  the  time  of  erection. 

These  cooling  coils  have  been  in  service  about  a  year  and  a 
half  and  have  given  very  good  service.  No  trouble  has  been 
experienced  with  leaks  in  the  coils  or  with  troubles  from  drift- 
wood or  ice.     No  difficulty  has  been  experienced  in  starting 
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the  cold  oil  after  standing  idle  for  hours  in  the  low  temperatures 
that  exist  in  Canada. 

It  is  possible  to  use  a  single  pump  for  installations  of  this 
kind  in  place  of  the  more  expensive  arrangement  shown  in  the 
views  above,  provided  this  pump  draws  its  hot  oil  from  a  common 
tank  which  fills  from  overflow  outlets  in  the  various  transformers. 
An  arrangement  of  this  kind  makes  a  safe  operating  condition 
though  hardly  as  satisfactory  as  the  individual  pumps. 

There  are  some  places,  where  water  is  not  available,  where 
the  circulation  of  the  oil  through  radiators  which  dissipate  their 
heat  to  the  air  will  be  found  the  best  available.  This  air  cooling 
can  be  assisted  by  fans  directed  against  the  radiators. 
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A.  H.  Babcock  (by  letter) :  Some  expensive  experiences  with 
cracked  oi;  punctured  water  coils  in  high-potential  tranrformers 
caused  me,  several  years  ago,  to  discuss  with  the  manufacturers, 
the  oil-circulation  cooling  method.  At  that  time  there  had  not 
been  reported  sufficient  troubles  of  this  kind  to  make  the  matter 
of  enough  importance  to  force  the  factories  away  from  a  manu- 
facturing standard  method. 

In  making  the  installation,  it  is  suggested  that  in  addition  to 
the  reversed  connection  of  the  water  circulating  pumps,  as  shown 
in  the  author's  sketch,  the  condensers  be  placed  in  such  position 
relative  to  the  oil  piping  that,  with  all  pumps  stopped,  the  oil 
pipes  in  the  condensers  will  be  under  a  static  head.  Under  no 
conditions  should  it  be  possible  for  the  water  to  rise  into  the 
oil-circulating  pipes. 

To  avoid  condensation  within  the  transformer  case,  the  oil 
should  not  be  cooled  below  the  temperature  of  the  air  in  the  case. 
A  pair  of  thermometers,  one  in  the  air  of  the  transformer  case, 
the  other  in  the  oil,  provided  with  contacts  within  their  bores, 
and  connected  bridge  fashion,  could  be  used  to  give  an  alarm 
when  the  temperature  of  the  oil  falls  too  low.  Similar  thermome- 
ters with  a  single  pair  of  contacts  have  been  used  on  the  Pacific 
coast  for  several  years,  to  signal  excessive  oil  temperatures. 

It  is  suggested  further  that  a  system  of  air  cooling  the  oil  be 
developed  for  use  in  arid  regions  where  water  is  difficult  to  obtain. 

Broadly  considered,  in  my  opinion  the  disadvantages  named 
by  the  author  are  of  small  importance  compared  with  the  ob- 
vious advantages. 

M.  C.  Canfield  (by  letter) :  It  seems  to  me  that  some  of  the 
advantages  incidental  to  the  forced-oil  circulation  system  have 
been  overlooked  in  the  paper  under  discussion.  In  the  forced- 
water  circulation  type,  there  is  occasionally  trouble  from  sweat- 
ing of  the  water  pipes  at  the  top  of  the  transformer  case,  and 
many  transformers  are  built  with  heat-insulating  coatings  on 
the  upper  portion  of  the  cooling  pipes  where  they  are  above  the 
oil.  This  sweating  is,  of  course,  due  to  the  great  difference  of 
temperature  between  the  air  in  the  top  of  the  transformer  case 
and  the  water  pipes.  This  difficulty  does  not  occur  in  the 
forced-oil  circulation  system. 

Any  leakage  which  may  occur  in  the  cooling  coils  of  a  water- 
circulation  transformer,  results  in  the  escape  of  water  into  the 
transformer  case,  and  consequently,  into  the  oil.  In  the  case 
of  the  forced-oil  circulation  it  is  a  simple  matter  to  keep  the  oil 
at  a  higher  pressure  than  the  water,  so  that  any  leakage  which 
may  occur  will  be  a  leakage  of  oil  into  the  water,  and  not  vice 
versa. 

Mr.  Chesney  refers  to  the  possible  reduction  in  height  of 
transformer  obtained  by  the  use  of  forced-oil  circulation,  but 
suggests  that  the  total  floor  space  required  will  be  increased 
because  of  the  space  required  for  the  cooling  apparatus. 

In  the  case  of  the  transformer  with  forced-water  circulation, 
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the  transformer-case  must  be  of  a  size  to  contain  the  trans- 
former, and  to  provide  ample  space  around  it  for  the  circula- 
tion of  the  cooling  oil.  This  space  must  be  large,  to  provide 
for  the  descending  currents  of  cooled  oil,  and  as  the  pressures 
acting  to  produce  such  currents  are  very  small,  being  due  to 
differences  in  specific  gravity  of  the  oil  only,  the  currents  are 
slow  and  require  much  space. 

In  the  case  of  the  forced-oil  circulation  the  situation  is  com- 
pletely altered,  as  it  is  only  necessary  to  provide  for  the  flow 
of  oil  in  one  direction  within  the  transformer,  the  flow  in  the 
opposite  direction  taking  place  through  the  piping  of  the  cooling 
system.  It  is  desirable  to  make  the  transformer  case  fit  quite 
closely  around  the  transformer,  in  order  to  throw  the  oil  current 
against  the  transformer  as  much  as  possible.  It  would  there- 
fore seem  possible  materially  to  reduce  the  floor  space  occupied 
by  a  transformer  equipped  for  forced  oil-circulation.  This  re- 
duction of  floor  space  should  materially  Qffset  the  space  occu- 
pied by  the  auxiliary  cooling  apparatus,  especially  with  large 
installations. 

G.  Percy  Cole  (by  letter) :  Occasions  may  arise  in  very  large 
installations  where  it  would  certainly  be  good  engineering  to 
adopt  transformers  cooled  by  forced-oil  circulation,  but,  taking 
eveiy thing  into  consideration,  these  instances  are  exceedingly 
rare,  and  it  wHl  usually  be  found  that  the  water-cooled  type 
will  fulfil  the  requirements  satisfactorily  in  spite  of  its  slightly 
increased  size. 

The  water-cooled  type  appeals  more  favorably  to  engineers 
for  the  following  reasons : 

1.  Because  it  has  passed  the  experimental  stage,  and  proved 
its  reHability,  even  in  the  very  largest  units  at  present  installed. 

2.  The  simplicity  of  the  cooling  system.  The  majority  of 
power  houses,  where  very  large  units  are  installed,  are  hydro- 
electric, and  in  such  cases  the  water  required  for  cooling  costs 
next  to  nothing;  the  piping  being  reduced  to  a  minimum,  since 
a  gravity  system  will  replace  pumps  in  a  great  many  cases. 

3.  Less  liability  for  the  oil  to  take  up  moisture.  We  hear  of 
extremely  few  instances  where  trouble  has  resulted  from  cooling 
coils  leaking.  The  adoption  of  cooling  coils  of  seamless  copper 
tubing,  and  the  great  care  bestowed  by  manufacturers  in  building 
and  installing  this  tubing  have  resulted  in  almost  absolute 
freedom  from  the  trouble  of  water  getting  into  the  oil  from  the 
cooling  system. 

With  the  adoption  of  very  large  units  and  high  voltages 
(60,000  to  80,000  volts)  it  is  absolutely  necessary  that  the  oil 
surrounding  the  coils  be  kept  free  from  moisture.  Where  oil 
has  to  be  circulated  through  the  transformer,  out  through  piping, 
through  large  cooling  systems  and  pumps  external  to  the  trans- 
former, there  is  much  greater  danger  of  getting  water  into  the 
oil  than  with  water-cooled  transformers.  Even  if  a  gravity 
water-cooled  system  cannot  be  employed,  and  pumps  have  to  lie 
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used,  water  circulation  shows  up  more  favorably  even  if  only 
taking  into  account  the  amount  of  liquid  circulated;  for  since 
oil  has  a  specific  heat  of  approximately  half  that  of  water,  it  is 
quite  evident  that  at  least  twice  the  number  of  gallons  per  minute 
for  the  same  cooling  effect  would  have  to  be  circulated  if  oil  cir- 
culation were  adopted  than  if  water-cooled  had  been  used  instead. 
D.  L.  Huntington  (by  letter) :  The  advantages  which  forced 
oil  would  have  over  forced  water  appear  to  me  as  follows: 

1.  The  movement  of  the  oil,  being  guided  specially  to  those 
portions  of  the  windings  or  core  which  most  need  cooling,  should 
be  much  more  effective  than  with  forced  water,  and  for  this 
reason  higher  efficiencies  and  longer  life  should  be  had  for  a  given 
combination  of  copper  and  iron;  or  the  equivalent  of  a  larger 
output  with  the  same  efficiency  and  life. 

2.  In  large  or  comparatively  large  installations  there  would 
probably  be  a  saving  in  first  cost ;  but  on  small  installations  this 
is  very  doubtful. 

3.  Where  clean  water  is  not  obtainable  for  forced-water 
transformer  coils  the  gradual  clogging  up  of  the  coils  is  inevitable, 
and  I  know  of  no  effective  means  of  cleaning  them  thoroughly. 
Under  such  conditions  the  forced  oil  method  becomes  almost 
necessary  where  the  installation  is  to  consist  of  large  units 
otherwise  the  use  of  smaller  units  of  the  self -cooled  type  would 
be  the  only  practical  resource,  and  that  a  very  expensive  one. 
not  only  in  the  transformers,  but  in  the  buildings  and  wiring. 

4.  In  case  the  forced- water  type  of  cooling  coils  are  used  which 
enter  and  leave  the  top  of  the  transformer,  there  is  danger  of 
freezing  if  the  transformer  is  temporarily  out  of  use,  and  the 
only  practical  plan  which  we  have  been  able  to  find  is  to  blow 
the  coils  out  with  compressed  air.  The  forced-oil  system  would 
be  easy  to  drain  of  water  on  such  occasions.  This  advantage 
would  not  apply  to  those  forced-water  transformers  with  bottom 
inlet  and  outlets,  upon  which  I  have  for  some  tiuie  insisted, 
and  which  are  of  course  readily  drained. 

DlS.\DVAXTAGES 

1.  For  the  forced-oil  system  some  measure  of  attendance, 
comparatively  regular  and  frequent,  would  be  absolutely  neces- 
sary. This  would  mean  a  greatly  added  expense  in  many  plants, 
such  as  our'sfor  instance,  where  we  have  numerous  sub-stations 
of  from  150  to  1500  kw.  capacity  in  a  mining  country,  where  the 
only  attendance  now  required  is  for  a  few  minutes  once  a  day. 

2.  With  forced-water  transformers  it  is  usually  possible  to 
obtain  water  of  steady  flow  and  under  the  required  pressure  at 
small  expense,  and  the  cooling  is  therefore  very  simple,  and  con- 
sequently, very  reliable.  The  forced-oil  system  is  much  more 
complicated  and  cumbersome  and  much  more  likely  to  get  out  of 
order,  and.  to  assure  reliability  equal  to  the  forced-water  system, 
a  considerable  part  of  the  circulating  apparatus  should  be  in 
duplicate. 
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3.  My  experience  is  that  in  case  of  a  bum-out  in  a  high-tension 
transformer  the  oil  usually  becomes  so  carbonized  as  to  be  unfit 
to  use  again  until  it  has  been  carefully  filtered.  In  such  a  plan 
as  that  shown  in  Mr.  Chesney's  paper,  the  pumps  would  im- 
mediately distribute  this  carbonized  oil  to  all  the  uninjured 
transformers,  a  really  serious  matter.  A  similar  effect  would 
be  had  if  a  water  leak  developed.  As  an  insulator,  all  the  oil 
would,  to  some  extent,  deteriorate,  and  would  all  have  to  be 
dried  With  the  other  system  the  oil  of  one  transformer  only 
would  probably  have  to  be  treated. 

4.  To  remove  these  objections  to  some  extent,  forced-oil 
coolers  could  be  installed  for  groups  of  transformers.  This  only 
lessens  the  objection,  however,  and  adds  materially  to  first  cost 
and  operating  cost. 

5.  Furthermore,  if  any  moisture  is  carried  into  the  oil  in  the 
foioed-oil  plan,  the  oil  carries  it  to  the  plates  in  the  transformer 
where  it  will  be  most  likely  to  do  harm,  whereas  moisture  may 
accumulate  in  appreciable  quantity  in  the  bottom  of  a  forced- 
water  transformer  without  doing  damage. 

Generally  speaking,  unless  the  objections  regarding  spreading 
of  damaged  oil  through  the  undamaged  transformers  can  be 
overcome  in  some  simpler  manner  than  by  having  a  separate 
cooling  plant  for  each  unit,  I  think  the  advantages  of  the  forced- 
oil  system  are  distinctly  over-shadowed  by  its  disadvantages. 
Perhaps  some  ingenious  and  simple  method  may  be  devised  to 
shut  off  the  oil  circulation  automatically  from  a  damaged  trans- 
former. Then,  in  that  case,  there  are  many  installations  where 
the  size  is  of  some  moment,  in  which  the  forced  oil  cooling  will 
be  distinctly  the  best  to  adopt. 

W.  F.  Lamme  (by  letter) :  There  are  certain  cases  in  which  it 
is  better  to  cool  the  oil  in  the  transformer  through  circulating 
oil  through  cooling  coils  in  water  than  by  circulating  water 
through  cooling  coils  in  oil.  In  a  water  power  plant  an  abundance 
ot  cool  water  is  always  at  hand  for  cooling  purposes,  and  there 
seems  no  good  reason  why  these  cooling  facilities  should  not  be 
taken  full  advantage  of.  If  ample  cooling  coils  are  placed  in 
this  water,  and  oil  from  the  transformers  is  circulated  through 
coils  in  this  water,  the  cooling  effect  is  better  than  if  this  water 
is  passed  through  cooling  coils  in  the  transformers.  Besides, 
the  type  of  pipe^  through  which  the  oil  is  circulated  can  be  made 
and  installed  by  any  good  pipe  fitter  and  can  be  made  as  extensive 
as  the  operation  may  demand,  whereas,  in  the  case  of  the 
ordinary  internal  coils  these  coils  are  made  by  the  manufacturers 
to  suit  the  case  and  core  of  the  transformer  and  are  difficult  to 
increase  or  modify. 

in  the  case  of  oil  circulation  the  pressure  is  applied  to  the  oil 
and  not  to  the  water.  This  lessens  the  liability  of  water  getting 
into  the  oil  due  to  this  cooling  apparatus.  We  know  that  many 
cases  of  accident  have  been  due  to  leaky  coils  in  the  case  of  water- 
cooled  transformers. 
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Since  external  circulation  permits  larger  cooling  facilities  of 
course  oil  circulation  can  be  made  to  give  much  more  reserve 
capacity  where  the  same  core  and  case  are  used.  This  is  a 
very  important  matter  in  plants  having  a  high  peak  load. 

In  warm,  dry  climates,  such  as  the  San  Joaquin  and  Sacra- 
mento valleys  of  California  during  the  dry  season  of  mid-summer, 
it  has  been  demonstrated  that  external  circulation  of  oil  cooled 
by  water  dripping  over  the  cooling  pipes  in  the  open  air  has  a 
very  marked  advantage  over  water  circulation  through  internal 
cooling  coils.  We  have  no  definite  figures  on  hand  showing 
these  advantages,  but  a  simple  observation  makes  it  evident 
that  the  advantage  exists. 

Wm.  McClellan  (by  letter) :  In  discussing  this  question  it  must 
be  assumed  that  all  mechanical  features  would  be  worked  out  so  as 
to  be  thoroughly  reliable.  The  expense  of  either  system  will 
vary  according  to  the  details  and  size  of  the  installation,  and  in 
cases  where  there  is  a  large  number  of  transformers  a  considerable 
difference  in  the  cost  of  the  two  systems  might  be  found. 

From  his  present  point  of  view,  the  writer  would  be  rather 
disinclined  to  favor  the  adoption  of  a  forced-oil  system.  Such 
a  system  does  certainly  increase  the  risk  of  getting  small  amounts 
of  moisture  in  the  oil,  and  it  is  well  known  from  recent  experi- 
ments how  much  damage  a  very  small  amount  of  moisture  can 
do  in  transformer  oil. 

In  the  forced-water  type  it  is  possible  to  keep  all  joints,  except 
those  which  are  brazed,  entirely  outside  of  the  transformer  case 
so  that  there  is  no  risk  from  water  except  in  case  of  a  serious 
accident.  The  circulation  of  oil  in  the  forced- water  transformer  is 
very  uniform  and  takes  place  very  quietly.  The  result  is  that 
moisture  which  accumulates  gradually  is  very  likely  to  be  found 
at  the  bottom  of  the  transformer  and  is  undisturbed  by  the  oil 
circulation;  this  would  probably  not  accumulate  to  as  great  a  de- 
gree in  the  forced-oil  transformer. 

One  point  in  favor  of  the  forced-oil  transformer  is  the  ease 
with  which  it  permits  of  oil  treatment.  It  looks  very  much  as 
voltages  increase  as  if  we  might  come  to  the  time  when  regular 
treatment  of  transformer  oil  would  be  imperative.  In  case  of 
the  forced-water  transformer,  this  means  removing  it  from  the 
line,  taking  out  the  transformer  oil,  giving  it  some  sort  of  a 
drying  and  purifying  treatment,  and  then  returning  it  to  the 
transformer  With  the  forced-oil  circulation  it  would  be  entirely 
unnecessary  to  take  the  transformer  off  the  bus  bars  since  the  oil 
could  be  treated  at  some  point  in  the  circulating  system  without 
affecting  the  operation  of  the  station. 

This  will  be  all  the  more  important  should  we  ever  arrive  at 
the  sub-station  with  all  the  transformers  out  of  doors.  As  it  is, 
with  high  tension  transformers  inside  of  buildings,  there  is  some 
risk  in  removing  oil  from  the  transformers  and  allowing  them  to 
stand  even  for  a  few  hours  without  oil  if  the  cover  must  be 
taken  off  for  any  reason.     It  is  very  remarkable  how  quickly 
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the  insulation  resistance  of  high-tension  transformers  will  change 
gradually  under  these  conditions. 

A.  L.  Mudge  (bv  letter) :  The  extent  to  which  forced-oil  cir- 
culation for  transformers  comes  into  use  will  depend  largely  on 
the  manufacturing  companies.  If  they  can  quote  materially 
lower  prices  per  kilowatt,  while  making  the  same  guarantees,  it 
looks  as  if  forced-oil  circulation  would  almost  entirely  displace 
forced-water  circulation  for  large  installations.  If  there  is 
little  or  no  reduction  in  price,  the  water-circulation  type  has  the 
advantage  on  account  of  greater  simplicity  of  piping  and  con- 
nections, as  no  condensers,  etc.,  will  be  needed.  There  will  be 
less  oil  in  the  power  house,  and  therefore,  less  fire-risk.  In  case 
of  fire,  if  the  oil  has  to  be  quickly  drawn  off  from  one  trans- 
former, it  is  necessary  to  open  only  one  valve  on  a  transformer 
using  the  water-circulation  system,  while  in  the  oil-circulation 
system  at  least  three  valves  have  to  be  operated. 

However,  a  material  reduction  in  first  cost  in  the  case  of  large 
installations  would  probably  offset  the  slightly  greater  com- 
plexity of  the  oil-circulation  system.  In  most  plants  the  oil 
reservoir  could  be  located  above  the  level  of  the  transformers, 
thus  doing  away  with  one  of  the  oil  pumps. 

Calvert  Townley  (by  letter) :  To  dissipate  a  given  amount  of 
heat  requires  a  given  quantity  of  water  at  a  given  temperature- 
difference  from  that  of  the  part  to  be  cooled.  The  nearer  the 
point  at  which  this  water  can  be  applied  to  the  heated  material 
the  more  efficient  it  will  be  as  a  cooling  agent.  Therefore,  where 
water  is  expensive  or  limited  in  supply  the  method  of  cooling 
by  circulating  it  in  pipes  within  the  transformer  case  uses  the 
water  in  its  most  efficient  manner  and  has  a  material  advantage. 
However,  where  water  is  plentiful  and  inexpensive  the  method 
of  forced  oil  circulation  permits  the  use  of  larger  quantities  of 
water,  producing  a  much  greater  cooling  effect. 

The  first  instance  where  oil  was  circulated  for  the  purpose  of 
cooling  transformers,  and  with  which  I  am  personally  familiar 
occurred  in  the  Farmington  River  Power  Company's  station, 
near  Hartford,  Connecticut,  in  1896.  A  number  of  step-up 
transformers  of  150  to  200  kw.  capacity  each,  self-cooling,  were 
found  to  be  heating  abnormally.  As  a  remedy  the  transformer 
cases  were  tapped  and  a  60-ft,  pipe  connected  thereto,  which 
pipe,  wound  in  coil,  was  immersed  in  the  tail  race.  A  small 
circulating  pump,  belted  from  a  convenient  shaft,  forced  the  oil 
through  this  pipe,  and  the  result,  at  a  negligible  expense  and  no 
inconvenience,  was  an  immediate  reduction  of  temperature,  so 
that  the  transformers  worked  well  inside  the  normal  margin  of 
safety. 

It  will  be  noted  that  for  water  power  installations  the  oil  cir- 
culating plan  becomes  extremely  simple  and  very  inexpensive, 
as,  where  the  tail  race  or  other  stream  is  available,  no  power- 
house floor  space  is  needed  for  the  cooling  equipment. 

There  is  a  further  advantage,  that,  whereas  in  transformers 
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cooled  by  water  forced  through  a  pipe  inside  the  transformer 
cases  any  leak  in  such  pipe  permits  the  escape  of  water  into  the 
transformer  oil,  thereby  endangering  the  life  of  the  transformer 
I  itseK,  with  the  forced  circulation  of  oil  such  leak  only  lets  oil 

I  escape  into  the  surrounding  water,  and  the  transformer  itself  is 

I  in  no  danger  of  injury. 


A  paper  prestnted  at  a  Special  ^Teeting  of  the 
American  Institute  of  Electrical  Engineer*^ 
Chicago^  III^  May  24,   1907. 
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ENCLOSED  STATION  WIRING 

BV  P.  O.  BLACKWELL 


In  the  design  of  a  power  station,  the  wiring  is  ofcen  given 
but  scant  consideration,  and  is  fitted  into  such  spaces  as  may 


Fig.  1 

be  left  over  and  not  available  for  other  purposes.  In  reality, 
a  safe  system  of  station  wiring  is  as  important  as  reliable  ma- 
chinery and  should  be  given  thorough  consideration  in  making 
the  plans  of  the  building.  Power  houses  have  frequently  been 
shut  down  by  animals  getting  across  the  conductors  and  by 
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materials  accidentally  coming  in  contact  with  them.  Men 
working  about  a  building  may  be  killed  or  injured  seriously 
by  exposed  electrical  connections.     Once  started,  it  is  impos- 


Fig.  2. 


sible    to    say    how    much    damage  an  arc  will  do   with    open 

wiring.      In  every  case   the  service  is  likely  to  be  interrupted. 

In  the  power  house  of  a  few  years  ago,  when  the  amotint  of 
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power  was  relatively  small,  a  short-circuit  was  not  a  serious 
matter;  but  to-day,  with  50,000  or  100,000  h.p.  concentrated 
in  one  plant,  a  much  higher  standard  of  station  wiring  is  called 
for. 


i^lG.   3 


With  a  large  amount  of  power,  the  destructive  ability  of  an 
arc  is  enormously  increased,  and  the  use  of  high  potentials 
has  made  it  possible  for  arcs,  once  started,  to  jtunp  almost 
any  distance  if  not  confined. 
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The  direct  loss  of  income  is  large,  but  this  is  nothing  to  the 
indirect  loss  due  to  the  depreciation  in  the  selling  value  of  the 
power  output,  caused  by  loss  of  public  confidence  in  the  reli- 
ability of  the  service. 

The  attached  photographs  will  give  some  idea  of  high-poten- 
tial arcs,  although  none  of  them  has  any  great  amoimt  of  power 
back  of  it,  or  is  of  as  high  potential  as  is  now  generally  used. 

Figs.  1  and  2  show  arcs  on  a  40,000-volt  2,000-kw.  system 
which,  in  a  light  breeze,  jumped  some  40  ft 


Fig.  4 


Fig.  3  illustrates  a  30,000-volt  air-switch  opening  with  no 
load  except  the  charging  current  of  the  line. 

The  metal  vapor  from  an  arc,  even  after  the  current  has 
been  ir.tcrrupted,  will  often  short-circuit  conductors  at  a  dis- 
tance from  the  point  where  the  arc  started.  Wires  of  high-po- 
tential circuits  which  are  as  far  apart  as  it  is  possible  to  have 
them  ir.side  of  a  building,  may  be  affected  by  arcs  between  low- 
potential  conductors  beneath  them. 

Lij^^htning  striking  in  the  neighborhood  of  a  transmission  line 
has  been  known  to  cause  a  short-circuit  after  the  discharge  was 
over,  due  to  the  path  of  hot  gas  floating  across  the  wires. 
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In  order  to  prevent  the  occurrence  of  short-circuits,  and  to 
localize  the  damage  should  an  arc  start  from  any  cause,  the 
following  elementary  principles  should  be  observed: 

1.  The  system  of  connection  should  be  as  simple  as  will 
give  the  necessary  control  over  the  station. 


Fig.  6 


2.  The    conductors    should    follow    the    shortest    and    most 
direct  line  from  generator  to  transmission  line. 

3.  Each  conductor  should  be  surrotmded  and  separated  from 
every  other  by  a  continuous  fire-proof  barrier. 

4.  The  circtiits  shotild  be  as  far  apart  as  possible. 
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Enclosed  wiring  has  already  become  the  accepted  practice 
in  important  low-tension  plants  of  from  2,000  to  15,000  volts, 
but  is  not  used  as  generally  for  higher  potential  where  the 
writer  believes  it  is  much  more  important. 

Low-potential  instdated  cables,  drawn  through  ducts  or  en- 
closed by  split-tile  or  pipe  coverings,  are  safe  provided  care 
is  oised  to  cover  the  cable  joints  at  the  manholes,  as  a  cable- 
joint  is  a  frequent  source  of  trouble. 

A  single-cable  tunnel,  or  duct  system  with  common  man- 
holes through  which  all  the  cables  in  a  plant  run  the  length  of  a 
building  is  often  employed,  in  which,  if  an3rthing  goes  wrong 
with  one  cable,  the  entire  power  house  is  disabled.  Accidents 
of  this  kind  might  be  avoided  by  keeping  the  cables  from  each 
unit  in  a  conduit  at  a  distance  from  other  circuits,  and  laying 
out  the  wiring  so  that  each  generator  can  be  operated  as  if  it 
were  in  a  separate  power  station. 

Where  bare  conductors  are  used  on  account  of  many  con- 
nections, or  where  the  potential  is  too  high  for  insulated  cables, 
the  wires  should  be  enclosed  by  substantial  walls  or  barriers 
of  brick,  concrete,  tile,  or  stone  with  only  such  openings  as  are 
necessary  to  get  at  insulators  or  connections.  Covers  should 
be  provided  for  all  openings. 

A  good  example  of  enclosed  wiring  for  13,000  and  60,000  volts 
is  shown  in  Figs.  4  and  5.  These  photographs  are  from  the  To- 
ronto and  Niagara  Power  Company's  transformer  house  at 
Toronto. 
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Discussion  on  "Enclosed   Station   Wiring,"  at   Chicago, 
III.,  May  24.  1907 

C.  W.  Stone:  I  notice  that  Mr.  Blackwell  speaks  of  the  con- 
nections being  simple.  I  think  this  is  a  very  serious  matter 
and  one  that  is  not  given  the  consideration  it  warrants.  We 
try  to  make  a  system  flexible  by  putting  in  all  sorts  of  tie  con- 
nections; then  in  order  to  save  space  and  save  cost  we  put  in 
knife-switches.  By  putting  in  the  knife-switches  we  court 
just  what  we  are  trying  to  avoid.  The  knife-switch  may  be 
opened  by  mistake.  If  it  is  opened  under  load  by  mistake 
there  is  a  big  arc,  which  may  be  whipped  across  and  involve 
all  the  adjacent  apparatus.  Therefore,  if  possible,  I  think  we 
should  always  try  to  keep  each  individual  circuit  entirely  dis- 
tinct, with  no  tie,  and  if  ties  are  used  we  should  use  enclosed 
switches;  that  is,  all  switches  in  the  form  of  knife-switches 
must  be  put  in  between  barriers  in  order  to  confine  the  arc. 

From  Mr.  Blackweirs  paper  it  is  quite  evident  the  arc  cannot 
be  confined,  if  an  arc  at  low  voltage  will  jump  forty  feet.  He 
also  speaks  of  putting  in  barriers  between  the  conductors. 
This  is  a  very  serious  point  with  high-tension  apparatus.  If 
barriers  are  put  between  them,  jumping  distances  are  shortened 
and  therefore  the  barriers  must  be  put  farther  apart.  This 
makes  it  almost  prohibitive  to  install  bus-bars  in  a  bus-bar 
compartment,  because  the  bus-bar  compartment  becomes  as 
large  as  the  station  in  order  to  allow  safe  jumping  distances. 

One  other  thing  in  connection  with  the  keeping  apart  of  the 
high-tension  conductors,  and  that  is  the  point  where  they  are 
brought  together  in  order  to  put  in  potential  transformers. 
Potential  transformers  are  connected  across  between  phases, 
therefore  resulting  in  a  tie  directly  across  between  phases 
through  a  small  device.  This  small  device  must  be  isolated 
and  separated  in  such  a  way  that  if  an  arc  forms  or  an  arc 
jumps  across  the  terminals  it  will  not  communicate  between  the 
phase  wires.  This  means  that  each  lead  has  to  go  through 
some  brick  barrier  or  soapstone  barrier  or  through  an  insulator, 
which  is  bad  at  very  high  potentials.  Then  the  current  trans- 
former is  also  used,  a  very  serious  thing  with  high  potentials. 
It  therefore  would  seem  good  practice  to  eliminate  all  sec- 
ondary devices  whatever  from  the  high -potential  side,  installing 
all  instruments  on  the  low-potential  side,  running  directly  from 
the  transformer,  say,  or  the  switch  to  the  line,  with  nothing 
whatever  connected  to  it. 

L.  C.  Marburg:  What  Mr.  Stone  has  said  regarding  simplicity 
of  wiring  connections  cannot  be  endorsed  too  strongly.  There 
is  a  tendency  towards  introducing  flexibility  to  such  an  extent 
that  the  complications  necessary  to  obtain  it  form  a  weaker 
point  in  the  system  than  the  original  arrangement,  the  failure 
of  which  it  is  intended  to  take  care  of.     In  other  words,  wliile 
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providing  for  an  emergency  occurring,  say  once  in  three  years, 
we  may  be  introducing  the  danger  of  a  breakdown  once  a  month. 

With  regard  to  enclosed  wiring  for  60,000  volts,  Mr.  Stone's 
remarks  also  appeal  to  me.  Compartments  for  such  high  volt- 
ages become  too  large  to  be  practicable,  and  it  would  seem  that 
open  work  if  propeily  designed,  for  example  the  type  of  in- 
stallation adopted  at  the  Ontario  Power  Company's  plant  at 
Niagara  Falls,  offers  as  much  reliability  as  can  be  obtained. 
If  wires  are  separated  a  sufficient  distance  so  that  an  arc  cannot 
hold,  the  installation  is  about  as  safe  as  it  can  be  made.  For 
voltages  not  higher  than  30,000,  bus-bar  compartments  and 
barriers  between  compartments  and  oil-switches  have  become 
the  standard  practice,  at  least  as  far  as  generating  stations  are 
concerned,  but  it  would  seem  as  if  in  many  cases,  wires  were 
enclosed  more  than  advisable.  What  is  wanted  are  brick  or 
concrete  barriers  between  all  bus-bars  and  between  all  switch 
connections,  and  as  little  brick  or  concrete  work  as  possible 
should  be  introduced  outside  of  this,  so  as  to  leave  all  wires 
and  insulators  visible  and  easily  reached.  For  example,  a 
bus-bar  compartment  may  consist  of  one  main  vertical  wall 
in  the  rear  and  a  number  of  horizontal  concrete  slabs  supported 
in  front  by  means  of  small  concrete  columns.  The  bus-bais 
are  placed  in  the  horizontal  compartments  formed  by  these 
slabs,  and  switch  connections  are  carried  through  the  rear  wall 
to  switches  located  above  or  below  these  compartments,  bar- 
riers being  placed  between  the  individual  leads.  This  arrange- 
ment leaves  all  wires  and  insulators  visible  throughout,  and 
seems  superior  to  closed  compartments  and  closed  vertical 
risers  between  compartments  and  switches,  as  any  leakage 
will  be  readily  detected  and  as  all  insulators  can  easily  be 
cleaned. 

Instrument  transformers  on  the  high-tension  side  are  of 
course  undesirable,  but,  if  the  station  contains  a  high-tension 
bus-bar  with  several  independent  outgoing  lines  needing  pro- 
tection, they  cannot  be  done  away  with  entirely. 

P.  M.  Lincoln:     Mr.  Blackwell  summarizes  his  paper   thus: 

1.  "The  system  of  connection  should  be  as  simple  as  will  give 
the  necessary  control  over  the  station  *\  I  think  that  all  elec- 
trical engineers  will  agree  with  him  there. 

2.  *'  The  conductors  should  follow  the  shortest  and  most 
direct  Hne  from  generator  to  transmission  line  ".  That,  again, 
I  think  is  a  point  where  unanimous  decision  will  be  made. 

Concerning  the  third,  the  vote  will  be  by  no  means  unanimous. 

3.  **  Each  conductor  should  be  surrounded  and  separated 
from  every  other  by  a  continuous  fire-proof  barrier  ". 

I  think  the  vote  of  the  large  majority  would  be  **  no  "  rather 
than  '*  yes  "  to  that,  for  the  reason  that  the  principal  advan- 
tage of  enclosing  bus-bars,  wires,  etc.,  is  to  prevent  a  destruc- 
tive arc  from  forming  between  those  bus-bars,  etc.  Now  the 
higher  the  voltage  of  a  station,    the    less   destructive  become 
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the  arcs.  With  2000  volts  I  presume  there  is  about  the  max- 
imum destruction  that  can  possibly  be  got;  at  least  I  have  had 
occasion  to  believe  that  from  seeing  what  a  2000- volt  arc  will 
do  with  a  very  large  amount  of  power  behind  it.  I  believe 
thoroughly,  judging  from  my  own  experience,  that  2000-volt 
bus-bars  for  any  very  large  amount  of  power  should  be  en- 
closed, by  all  means;  but  for  the  same  amount  of  power  at 
60,000  volts  or  at  40,000  volts  I  do  not  believe  the  same  thing 
holds.  The  destructiveness  of  an  arc  is  in  proportion  to  the 
volume  of  current  and  goes  up  with  some  power  of  that  volume 
which  I  do  not  know — the  square,  at  least,  probably  much 
higher — and,  as  I  said  before,  the  higher  the  voltage  the  less 
the  amount  of  current  available  for  producing  destruction. 
That  is  one  very  good  reason  for  omitting  these  fire-proof 
barriers  at  some  point  as  the  voltage  of  an  installation  goes  up* 

Another  obvious  and  very  good  reason  for  omitting  those  bar- 
riers is  the  difficulty  of  obtaining  insulation  as  the  voltage  goes 
up.  Any  material  available  for  barriers  must  be  considered 
as  dead  ground  on  these  high  voltages. 

For  these  two  reasons,  therefore,  I  believe  that  there  will  be 
by  no  means  unanimous  assent  to  this  statement  in  Mr.  Black- 
well's  paper. 

4.  **  The  circuits  should  be  as  far  apart  as  possible  ". 

This  will  be  assented  to,  I  believe,  by  the  majority  of  engi- 
neers. This  statement  is  in  contradiction  to  a  certain  extent 
to  his  third,  because  introducing  fire-proof  barriers  practically 
means  separating  the  wires  double  the  distance  that  would  be 
necessary  without  the  use  of  fire-proof  barriers.  There  is  no 
fire-proof  material  that  can  be  treated  as  an  insulator  at  60,000 
volts  and  above;  that  is,  no  fire-proof  material  that  is  available 
for  use  as  barriers  that  can  be  treated  as  an  insulator  at  60,000 
volts  and  above. 

E.  N.  Lake:  I  might  give  an  example  of  how  this  problem 
was  worked  out  in  a  small  synchronous-converter  sub-station 
designed  tor  operation  at  a  potential  of  25,000  volts.  I  shall 
endeavor  to  show  by  a  sketch  the  arrangement  of  the  circuits 
and  apparatus. 

The  transmission  line  wires  were  carried  from  the  pole  line 
to  a  cross-arm  built  into  the  parapet  of  the  sub-station,  thus 
making  a  design  which  was  distinctly  a  part  of  the  building 
structure.  From  this  point  the  line  wires  went  directly  into  the 
lightning-arrester  tower.  This  tower  was  divided  by  a  concrete 
floor  into  two  stories,  as  shown.  The  back  portion  of  the 
tower  was  further  divided  by  vertical  barriers  running  from 
the  floor  line  of  the  lower  story  to  the  roof  of  the  second  story. 
These  barriers  were  of  brick  four  inches  in  thickness,  built  into 
both  floors  and  the  roof,  thus  giving  the  barriers  a  rigid  lateral 
support.  In  the  upper  part  of  the  structure  the  lightning- 
arresters  were  installed.  Below  the  lightning-arresters  the 
current  transformers  were  located.     Below  the  second  floor  the 
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bus-bar  chambers  were  located,  which,  instead  of  being  arranged 
open  on  top  were  with  closed  top  of  concrete  construction  open 
below.     In  the  lower  story,  or  switch  room  were  located  the 


Fig.  1. 


Fig.  2. 


oil-s>^'itches.     The  barriers  which   extended  from  floor  to  roof 
formed  the  barriers  between  the  oil-switch  compartments. 
The  transmission  line  was  so  situated  that  it  was  convenient 
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to  bring  the  wires  in  directly  to  a  lightning  arrester  tower  lo- 
cated at  the  back  of  the  station.  The  switch  on  one  side  con- 
trolled an  incoming  or  outgoing  line  and  the  switch  on  the  op- 
posite side  operated  as  an  individual  rotary  switch.  At  the 
division  wall  between  the  switch  room  and  the  rotary  room 
there  was  an  arched  opening  in  the  wall  for  the  location  of  the 
potential  transformers.  This  construction  in  general  accom- 
plished the  end  which  Mr.  Blackwell  has  brought  out  in  his 
paper,  viz.:  that  throughout  the  sub-station  fiom  the  point 
where  the  high-tension  wires  enter  the  disconnecting-switches 
on  the  lightning-arresters  to  the  point  where  they  entered  the 
top  of  the  step-down  transformers,  every  foot  of  that  distance, 
the  phase  wires  were  separated  by  fire-proof  barriers. 

L.  C.  Marburg:  When  sub-stations  are  taken  into  considera- 
tion, the  main  arguments  advanced  in  favor  of  enclosing  leads 
in  compartments  do  not  hold.  If  twenty  or  thirty  miles  of 
transmission  lines  are  introduced,  the  individual  wires  of  which 
cannot  be  separated  by  barriers  there  seems  little  use  in  sep- 
arating these  wires  so  carefully  in  a  sub-station  at  the  end  of 
the  line.  If  the  building  is  fire-proof,  a  momentary  arc  that 
cannot  hold  cannot  be  considered  very  dangerous,  particularly 
in  view  of  the  large  resistance  introduced  by  the  transmission 
line  between  the  generating  station  and  the  short-circuit.  Com- 
partment work  in  every  200-  or  300-kw.  synchronous  converter 
station  would  involve  considerable  expense. 

J.  D.  Jamieson:  It  has  been  my  fortune  to  see  some  of  the 
extremes  in  high-tension  work,  represented  in  one  case  of 
barriers  carried  to  an  excessive  degree  of  refinement,  and  in 
another  case,  where  the  potential  was  within  10,000  volts  of 
the  first,  with  no  attempt  to  provide  barriers  between 
the  conductors.  The  second  case  I  cite  bears  out  the  remarks 
just  made  about  the  inadvisability  of  providing  barriers  for 
extremely  high  potential.  This  course  might  be  advisable 
from  the  standpoint  of  normal  operation,  or  might  take  care 
of  any  possible  rises  in  potential  which  might  be  occasioned, 
but  there  is  another  phase  of  the  matter  with  which  a  large 
central  station  has  to  deal;  that  is,  accidental  contact.  With  a 
60,000-  or  50,000-volt  system  of  a  capacity  of  perhaps  60,000 
kw.  and  a  reasonable  number  of  distributing  circuits,  every 
precaution  has  to  be  taken  against  accidental  contact,  and  I 
think  if  a  large  station  were  put  up  in  the  fashion  mentioned, 
without  barriers,  that  we  would  find  with  a  working  construction 
force  of  60  to  100  men  there  would  be  quite  a  lot  of  trouble 
due  to  the  absence  of  barriers. 

With  regard  to  the  addition  of  knife-switches  to  the  system, 
it  has  always  been  the  endeavor  of  the  company  with  which  I 
am  connected  to  do  away  with  the  knife-switches  to  the  extent 
of  putting  disconnecting  points  in  a  circuit  in  enclosed  par- 
titions; that  is,  disconnecting-switches,  which  are  necessary  in 
series  with  oil -switches,  are   put  in   the  same  compartment 


S62  HIGH-TENSION  TRANSMISSION  [May  24 

On  the  higher  potentials  it  is  not  possible  to  get  oil-switches 
which  are  equipped  with  disconnecting  appliances.  Therefore 
we  are  forced  to  install  knife-switches  outside  the  oil-switch, 
which  call  for  additional  barriers.  In  some  cases  we  go  further 
than  to  provide  barriers,  we  provide  the  barriers  and  then 
insulate  the  conductors  inside  the  barriers.  This  practice  has 
been  pronounced  superfluous  by  some,  but  we  have  had  instances 
of  the  worth  of  such  construction.  There  have  been  cases  where 
an  enormous  flow  of  current,  due  to  the  accidental  interruption 
of  the  circuit,  had  caused  the  conductors  inside  the  barriers 
to  be  dislodged,  and  to  rest  upon  the  concrete  shelves.  In  that 
case  we  found  that  the  addition  of  insulation  to  the  conductors 
prevented  a  very  serious  disaster.  I  think  that  barriers  should 
be  used  in  all  cases,  and  further,  that  although  there  is  no 
fire-proof  material  that  is  an  absolute  insulator,  the  effect  of 
the  short-circuit  is  greatly  decreased  even  though  the  arc 
holds  between  the  conductor  and  the  barrier. 

Fay  Woodmansee:  We  all  agree,  I  think,  that  the  station 
wiring  must  be  as  simple  as  possible,  and  then  after  that  the 
question  of  separating  depends  entirely,  I  believe,  upon  the 
voltage,  the  capacity,  and  also  as  to  whether  the  station  is  a 
generating  station  or  whether  it  is  a  sub-station  located  at  the 
end  of  a  line.  In  a  sub-station  located  at  the  end  of  a  line,  I 
think  the  same  as  Mr.  Marburg  does;  after  a  number  of  miles  of 
line  that  has  been  unprotected,  why  in  the  station  separate 
the  wires  from  each  other  by  barriers?  In  the  station  there 
is  less  liability  for  anything  to  get  across  the  wiiCS.  because  the 
wires  are  placed  close  to  the  ceiling.  There  it  is  almost  possible 
for  any  material  to  get  over  them  to  cause  a  short-circuit  and 
shutdown.  Consequently  the  additional  expense  is  not  war- 
ranted, I  believe,  in  barriers  between  poles  of  lightning-arresters, 
or  anything  which  may  cause  an  arc  in  its  operation.  But  in 
the  power  house  proper,  where  the  question  of  keeping  the  po- 
tential on  the  bus-bars  is  very  important  and  there  are  a  number 
of  men  working  in  the  station,  I  believe  that  the  bus-bars  should 
be  separated  from  each  other  by  some  fire-proof  barrier,  as  much 
to  protect  the  life  of  the  people  who  may  be  working  in  the 
building  as  to  make  the  service  safe.  I  think  in  a  good  many 
cases  our  stations  are  made  much  more  complicated  than  they 
should  be. 

The  question  of  running  leads  from  bus-bars  I  think  is  a  very 
important  point  to  consider.  It  is  oftentimes  easier  to  insulate 
the  bus-bars  and  run  them  lengthwise  of  the  station  and  thus 
cut  down  to  a  minimum  the  number  of  feet  of  cable  required. 
These  cables  can  be  run  and  protected  in  such  a  way  that  it  is 
practically  impossible  to  cause  trouble. 

P.  M.  Lincoln:  I  am  thoroughly  in  accord  with  what  Mr. 
Woodmansee  has  said  with  regard  to  the  protection  of  life  in 
the  station.  I  think  that  is  absolutely  the  first  requisite  that 
should   be   taken   into   consideration   in   making   a    switching 
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layout.  However,  I  do  not  believe  that  that  element  compels 
us  to  enclose  each  bus-bar  or  each  wire  in  a  fire-proof  barrier. 
In  fact,  my  own  opinion  is  that  the  modem  tendency  is  rather 
toward  doing  away  with  all  buildings  than  putting  buildings 
around  every  individual  wire  and  piece  of  apparatus  in  a  sta- 
tion. I  think  the  time  is  coming  when  the  bus-bars,  trans- 
formers, switches,  and  practically  everything  else  of  that  kind 
will  be  put  out  in  the  weather,  and  a  building  put  around  only 
the  apparatus  that  it  is  absolutely  necessary  to  cover,  such  as 
instruments  and  things  of  that  character. 

E.  N.  Lake:  I  cannot  quite  bring  myself  to  agree  with  Mr. 
Woodmansee  or  with  Mr.  Lincoln  in  regard  to  justifying  the 
additional  expense  of  barriers.  In  a  given  case,  where  barriers 
were  used  in  a  fire-proof  sub-station  constructed  of  brick,  con- 
crete, and  steel,  the  additional  cost  for  the  introduction  of  the 
barriers  was  probably  twenty-five  or  may  be  fifty  cents  per 
kilowatt.  It  seems  to  me  that  such  additional  expense  is  fully 
justified  in  the  matter  of  safeguarding  life.  I  think  that  the 
protection  of  life  is  one  of  the  most  important  things  that  we 
have  to  consider,  it  is  in  fact  the  most  important  thing  to  con- 
sider in  designing  stations  for  higher  potentials. 

P.  B.  Wood  worth:  Will  Mr.  Lincoln  please  explain  how  he 
is  going  to  safeguard  life  when  he  has  his  wires  out  in  the  open 
with  no  house  around  them  at  all? 

P.  M.  Lincoln:  The  space  up  in  the  air  is  very  easy  to  obtain. 
All  there  is  to  be  done  is  to  put  the  station  out  of  reach.  An 
ordinary  transmission  line  is  not  considered  dangerous ;  it  is  out  of 
reach.  Exactly  the  same  thing  can  be  done  with  a  sub-station. 
It  seems  to  me  that,  if  it  is  logical  to  put  fire-proof  barriers 
around  the  individual  wires  in  a  sub-station,  it  is  just  as  logical 
to  run  those  fire-proof  barriers  clear  back  to  the  generating 
station.  That  reduces  the  fire-proof  barrier  proposition  to  an 
absurdity. 

E.  N.  Lake:  If  I  were  going  to  carry  the  transmission  line 
wires  from  the  sub-station  back  to  the  generating  station  in 
such  a  location  that  it  was  possible  for  the  men  in  their  daily 
work  to  come  in  contact  with  them,  I  would  most  certainly 
put  the  barriers  all  the  way  from  the  sub-station  to  the  power 
house. 

W.  B.  Jackson:  Doesn't  that  reach  the  actual  kernel  of  the 
matter?  Namely,  where  it  is  possible  for  the  wires  to  be  touched 
by  the  employees  in  the  regular  performance  of  their  duties, 
the  wires  must  be  protected  by  the  fire-proof  compartments 
or  by  separating  walls  of  some  kind,  but  as  soon  as  the  wires 
are  carried  out  of  that  zone  then  let  them  be  free.  That  is 
getting  to  be  common  practice,  especially  so  in  plants  on  the 
Pacific  coast,  and  it  seems  to  be  the  logical  way  to  arrange 
high-tension  wiring. 

P.  M.  Lincoln:  I  think  there  is  no  disagreement  on  that  point, 
that  the  most  essential  thing  in  putting  in  a  sub-station  must 
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be  to  protect  life,  but  I  do  not  agree  that  putting  fire-proof 
barriers  around  the  wires  is  the  only  way  to  do  that.  Keep 
them  up  out  of  the  way,  where  they  can  not  be  touched  by  the 
man  in  the  regular  discharge  of  his  duties.  That  is  one  w^ay. 
There  are  other  ways,  such  as  putting  ground  wires  under  them 
or  around  them,  as  Mr.  Stone  has  suggested.  I  think,  however, 
on  the  essentials  there  has  been  no  disagreement,  no  very 
material  difference  of  opinion  among  us. 

Dugald  C.  Jackson:  Your  suggestion  that  the  future  sub- 
station will  be  out  in  the  air  reminds  me  of  the  stations  of 
certain  of  the  Western  plants.  They  have  step-down  sub-sta- 
tions, not  converter  sub-stations  which  require  attendance, 
but  step-do^-n  sub-stations,  where  the  building  consists  prac- 
tically of  a  light  wooden  framework  with  corrugated  iron  over 
it',  and  the  line  that  passes  over  it  drops  down  through  the  roof 
through  suitable  terminals,  and  the  wiring  is  run  to  the  trans- 
formers through  ordinary  fibre  conduit,  using  the  usual  linen 
covered  wire.  That  makes  a  sub-station  that  approaches  the 
limit  of  simplicity.  It  is  almost  the  equivalent  of  having  the 
whole  thing  out  of  doors  as  perhaps  it  is  even  cheaper  than 
to  erect  the  structure  on  an  elevated  platform,  and  it  also 
does  this,  which  I  think  perhaps  is  likely  to  militate  against  Mr. 
Lincoln's  proposal  to  put  everything  outdoors;  it  protects  the 
transformer  terminals  and  such  switching  terminals  as  are  needed 
from  the  beating  of  the  weather, — the  sleet  and  rain  and  that 
kind  of  thing  that  one  is  bound  to  meet  and  which  these  ter- 
minals practically  need  to  be  protected  from. 

Edwin  W.  Olds:  When  you  call  upon  me  to  speak  upon  the 
subjects  that  have  been  so  interesting  to-day,  you  are  calling 
upon  one  who,  while  old  in  years,  and  in  name,  is  very  young 
in  that  part  of  the  business.  We  are  just  putting  in  our  first 
single-phase  alternating-current  direct-current  car  equipments. 
Electrical  engineering  is  somewhat  out  of  my  line,  but  is  very 
interesting,  and  some  of  the  points  that  have  come  up  have  ap- 
pealed to  me  in  a  practical  way.  I  am  not  a  technical  man  in 
any  sense  of  the  word.  What  little  knowledge  I  have  has  been 
pounded  into  me  in  the  good  old  way. 

I  have  noticed  in  our  direct-current  operation  in  Milwaukee 
that  in  certain  sections  of  the  city  where  there  are  a  great  many 
telephone  and  other  wires  it  is  very  seldom  that  any  of  our  cars 
are  struck  by  lightning;  but  in  other  sections  where  the  tele- 
phone and  electric  light  wires  are  not  so  plentiful,  there  is 
trouble  with  our  cars.  From  my  standpoint,  this  is  quite  con- 
clusive evidence  that  a  grounded  conductor  is  of  a  greac  deal 
of  importance,  for,  if  it  will  protect  our  direct-current  feeders 
and  trolley  lines,  why  should  it  not  protect  the  higher  poten- 
tial wires  that  are  so  much  more  apt  to  be  disturbed  by  the 
lightning. 

Bertrand  P.  Rowe  (by  letter) :    In  following  the  development 
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of  systems  of  station  wiring  in  connection  with  switchboard 
installations,  we  begin  with  the  single  generator  and  the  primitive 
system  of  open  wiring  carried  on  porcelain  knobs,  which  was 
undoubtedly  borrowed  from  the  earlier  experience  of  the  tele- 
graph companies,  As  the  fire  hazard  from  poor  electrical  wiring 
became  more  universally  recognized,  insurance  companies  from 
time  to  time  insisted  on  better  spacings,  better  insulation,  and 
absence  of  combustible  material.  The  sizes  of  generating  plants 
have  increased,  and  the  amounts  of  power  that  have  been  con- 
centrated on  single  sets  of  conductors  or  bus-bars  have  reached 
such  proportions  that  the  old-time  methods  would  not  suffice 
for  their  installation.  With  this  new  set  of  conditions,  the 
underwriters  have  not  meddled.  They  have  found  that  the 
owners  of  generating  stations  are  building  fire-proof  plants  with 
concrete  floors,  and  structural  iron  and  masonry  walls,  and  they 
have  no  regulations  to  offer  regarding  the  installation  of  these 
heavy  capacities  beyond  what  are  already  in  vogue  for  those  of 
lighter  capacity.  Their  fire-risks  in  such  plants  are  small,  and 
they  are  interested  more  in  applying  their  rules  to  the  wiring  of 
factories  and  dwellings  where  there  is  a  fire-risk. 

The  designers  of  electrical  power  stations,  however,  have 
found  that  with  increased  capacities  at  higher  voltages  there 
exists  the  danger  of  serious  damages  and  shutdowns,  due  to 
arcs  starting  between  conductors,  being  fed  from  conducting 
gases  from  vaporized  copper  with  the  power  of  large  generating 
units  concentrated  behind  them. 

With  low-tension  systems,  from  125  to  250  volts,  this  danger 
did  not  exist,  even  with  thousands  of  amperes  in  bus-bar  capa- 
city, fed  from  storage-batteries,  because  the  voltage  was  too 
low  to  maintain  anything  but  a  short  arc.  Difficulties  of  this 
sort  have  been  noticeable  in  plants  of  from  2000  volts  and  up- 
wards, principally  because  2200  volts  is  the  lowest  high-tension 
voltage  at  which  large  amounts  of  power  are  concentrated. 

In  order  to  prevent  arcs  between  conductors  in  smaller  in- 
stallations, the  conductors  were  insulated.  The  practice  in 
these  larger  installations  is  to  use  bare  copper  bus-bars,  and 
insulate  them  by  air-spaces,  inclosed  in  fire-proof  cells.  All 
cable  connections  are  likewise  carried  in  cells,  as  well  as  all 
apparatus  liable  to  cause  an  arc. 

The  practice  of  isolating  the  conductors  has  been  followed 
in  all  modem  heavy  capacity  plants  up  to  and  including  15,000 
volts.  The  reason  for  the  practice  will  be  well  exemplified  if 
one  starts  out  to  design  open-link  fuse-blocks.  It  will  be  seen 
that  a  fuse  for  250-volt  service  may  be  constructed  very  easily 
which  will  carry  normally  2000  or  3000  amperes,  and  rupture 
the  circuit  on  an  overload  of  25%  without  difficulty. 

Now  if  one  starts  to  design  500-volt  fuses,  he  will  find  that  a 
fuse  to  blow  at  1200  amperes  is  a  pretty  difficult  problem,  and 
with  plenty  of  power  behind  it,  the  fuse-block  will  be  hard  to 
construct  which  will  not  be  destroyed  by  the  arc.     The  ruptur- 
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ing  of  the  established  arc  will  be  quite  a  difficult  thing  without 
careful  study  and  design. 

Now  if  one  goes  a  step  further  and  tries  to  design  a  2200- volt 
fuse-block  one  will  get  into  difficulty  when  the  capacity  gets 
above  300  or  400  amperes.  And  likewise  one  will  find  it  difficult 
to  design  a  successful  3300- volt  fuse-block  for  a  larger  circuit 
than  200  amperes. 

It  follows,  then,  very  readily  that,  as  the  voltage  rises,  heavy 
capacity  currents  become  more  difficult  to  break ;  they  maintain 
themselves  vigorously,  destroying  all  material  which  may  inter- 
vene. The  tendency,  therefore,  in  all  modem  installations,  is 
to  suppress  all  high-voltage  arcs  by  eliminating  as  much  as 
possible  the  air-break  switching  devices,  and  by  using  oil- 
switches,  and  placing  barriers  between  conductors. 

What  the  station  engineer  is  doing  for  his  own  protection,  is 
heartily  seconded  by  the  Board  of  Fire  Underwriters,  who  are 
leaving  the  problem  alone  because  not  so  vitally  interested.  And 
the  problem  is  undoubtedly  being  handled  generally  in  a  much 
more  satisfactory  way  than  they  themselves  would  feel  free  to 
demand. 

Some  time  ago  the  underwriters  inspected  the  plant  of  the 
Ontario  Power  Company  at  Niagara  Falls,  which  has  all  of  the 
low-tension  conductors  and  switching  devices  in  fireproof  cells. 
The  writer  was  much  impressed  by  being  told  by  these  inspect- 
ors that  they  had  only  one  recommendation  to  make  regard- 
ing that  entire  installation,  which  was  that  a  fire  hydrant  be 
placed  at  each  comer  of  the  building.  They  stated  that  the 
modem  constmction  was  ahead  of  anything  they  had  seen  at 
that  time  in  the  way  of  fire-proofing. 

In  the  selection  of  barriers,  the  engineer  is  limited  at  present 
because  the  ideal  commercial  barrier  does  not  exist.  The 
common  practice  is  to  separate  all  conductors  from  each  other 
and  from  grounds,  using  such  distances  that  concrete  or  brick 
barriers  may  be  used  with  safety.  At  high  voltages,  these 
substances  must  be  considered  as  grounds,  since  they  absorb 
moisture,  and  this  makes  necessary  much  wider  spacings  than 
if  the  barriers  were  of  insulating  material.  Soapstone,  while  a 
little  better  than  these,  is  still  an  absorbent  material,  unless 
impregnated.  Porcelain  is  too  dear,  and  glass  will  not  stand  an 
arc.  Asbestos  lumber  and  transite  make  admirable  fire-proof 
barriers  but  are  poor  insulators. 

Probably  the  nearest  perfect  barrier  would  be  an  impregnated 
material  like  soapstone,  and  this  is  of  course  expensive.  No 
cheap  insulating  barrier  being  known,  the  common  practice  is  to 
support  all  conductors  on  suitable  insulators  and  rely  on  the 
grounded  barriers  for  fire-proofing.  The  best  practice  assumes 
that  all  insulated  cables  are  subject  to  deterioration,  and  unless 
they  are  protected  by  lead  coverings  with  suitable  end-bells, 
they  are  invariably  as  well  supported  on  insulators  as  a  bare 
cable  should  be.     This  insures  permanency. 
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For  installations  of  voltages  above  15,000,  the  cellular  con- 
struction is  not  so  prevalent.  But  the  subject  for  high-tension 
wiring  for  these  voltages  deserves  great  attention,  because,  as 
stated  by  Mr.  Blackwell,  this  part  of  the  installation  usually 
gets  scant  attention  when  the  building  is  designed.  The  very 
best  modem  practice  is  to  lay  out  this  system  of  wiring  in  ad- 
vance and  design  the  building  to  suit. 

The  writer  does  not  agree  with  Mr.  Blackwell  that  the  use  of 
barriers  and  fire-proofing  for  very  high  tension  wiring  is  at 
present  more  important  than  for  wiring  whose  potential  is  from 
2000  to  15.000  volts,  for  the  reason  that  at  the  very  high  voltages 
now  employed  the  sizes  of  conductors  are  very  small.  They 
will  usually  bum  away  instead  of  maintaining  a  fierce  arc,  such 
as  might  be  expected  if  heavy  masses  of  copper  are  short-cir- 
cuited. The  practice  of  most  station  designers  seems  to  sustain 
this  view  of  the  case. 

One  of  the  reasons  why  the  use  of  barriers  and  cells  for  con- 
ductors has  not  been  more  extensively  carried  to  higher  voltages 
is  because  the  generating  voltages  now  deemed  practical  are  all 
below  16,000  volts.  Whenever  the  manufacturers  are  ready  to 
put  commercial  generators  on  the  market  to  generate  current 
at  20,000  volts,  this  construction  will  be  seen  adopted  universally 
for  that  voltage  where  heavy  capacities  are  used.  There  are 
even  now  some  cases  where  large  quantities  of  power  are  to  be 
distributed  at  33,000  and  46,000  volts,  and  the  cellular  construc- 
tion is  advisable  because  of  the  heavy  capacities  that  are  carried 
on  the  bus-bars. 

In  the  writer's  opinion  the  use  of  the  barriers  and  cells,  such 
as  are  common  with  the  lower  voltages,  are  an  unnecessary  re- 
finement in  a  majority  of  cases.  In  almost  every  plant  operating 
at  pressures  of  45,000  volts  and  upward,  the  potential  of  the 
transmission  system  is  raised  to  such  a  value  that,  with  a  given 
line-loss,  the  size  of  conductor  can  be  made  as  small  as  mechanical 
considerations  will  warrant,  to  save  expense  in  the  transmission 
line.  So  long  as  this  practice  obtains,  and  unless  large  amounts 
of  power  are  concentrated  on  high-tension  bus-bars  by  banking 
the  step-up  transformers,  there  will  seldom  be  large  masses  of 
copper  in  the  high-tension  system  to  maintain  an  arc.  In  fact 
the  condition  where  heavy  conductors  may  be  required  on  the 
high-tension  system  of  45,000  volts  or  more,  can  be,  and  usually 
is  avoided,  by  feeding  separate  banks  of  transformers  into  their 
own  transmission  lines,  with  a  relay  bus-bar  of  small  capacity 
to  enable  circuits  to  be  transferred  from  one  bank  of  transformers 
to  another  in  case  of  trouble. 

In  a  modem  power  station,  using  oil  circuit-breakers,  if  the 
idea  of  barriers  between  all  high-tension  conductors,  irrespective 
of  capacity,  were  logically  carried  out,  it  would  be  more  necessary 
to  require  these  barriers  between  the  wires  on  the  transmission 
line  where  the  conditions  of  atmosphere  and  moisture  are  more 
conductive  to  short-circuits,  than  to  require  them  in  a  properly 
wired  power  station  where  they  are  enclosed  and  dry  and  as  well 
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separated  as  they  are  on  the  poles.  Where  air-break  switching 
devices  are  used,  however,  fire-proof  barriers  are  certainly 
necessary  if  there  are  conductors  near  enough  to  the  arc  to  cause 
any  apprehension. 

Another  argument  against  the  use  of  barriers  between  very 
high-tension  conductors  in  power  stations  is  the  increased  size 
of  station  often  required  if  the  idea  is  carried  out  properly,  owing 
to  our  inability  to  obtain  a  satisfactory  insulating  barrier.  As 
stated  previously,  all  known  barriers,  except  those  of  glass  or 
porcelain,  must  be  considered  as  grounds  for  high-voltage  circuits, 
and  glass  and  porcelain  barriers  are  not  practicable  because  of 
brittleness  and  expense.  Therefore,  we  are  forced  to  use 
grounded  barriers,  and  the  introduction  of  these  barriers  between 
the  high-tension  conductors  in  a  station  compels  us  to  space  our 
conductors  much  farther  apart  than  they  are  for  the  transmission 
line,  to  provide  sufficient  insulation  distance.  It  will  be  found 
that  to  install  these  barriers  properly,  a  larger  amount  of  room 
and  expensive  construction  will  be  required  than  is  usually 
warranted. 

The  most  practical  way  to  handle  the  problem  is  to  confine 
all  apparatus  which  is  liable  to  arc,  and  separate  the  conductors 
by  suitable  air-spaces,  using  insulated  conductors  for  the  sake 
of  safety.  A  time  may  come  when  reliable  insulating  material 
may  be  obtained  in  the  form  of  fire-proof  tubes  through  which 
these  conductors  may  be  carried,  and  which  will  be  sufficient 
insulation  to  allow  closer  spacing  of  conductors.  In  such  a  case 
the  saving  in  space  in  a  power  station  will  be  justification  for 
using  them. 

The  writer  believes  thoroughly  in  providing  an  insulating 
covering  for  all  high-tension  conductors  carried  in  air  in  the 
interior  of  a  power  station  as  a  safeguard  against  accidents  due 
to  accidental  contacts.  While  it  is  preposterous  to  think  that 
cables  carrying  60,000  to  88,000  volts  can  be  insulated  for  safe 
handling,  yet  the  writer  believes  that  they  should  be  as  well 
insulated  as  possible  to  prevent  workmen  from  being  killed 
by  contact  with  poles  or  other  implements. 

In  addition  to  this  the  wires  should  be  marked  with  danger 
signals  and  warnings  to  remind  the  unwary.  These  precautions 
may  save  loss  of  life  and  bills  of  damages  which  are  usually 
awarded  against  power  companies  who  are  found  guilty  of 
carrying  their  deadly  current  on  bare  conductors  where  work- 
men may  be  near  enough  to  be  shocked. 

It  may  be  possible  to  insulate  the  conductors  with  some  of 
the  special  tubing  now  on  the  market,  with  some  form 
of  impregnated  oiled  muslin  next  to  the  cable  so  that  there  is 
scarcely  any  danger  to  the  cables,  by  preventing  possible  arcs. 
The  writer  believes  that  the  best  and  most  conservative  practice 
in  most  cases  will  be  to  try  to  provide  such  arc  insulation  as  this, 
and  then  support  the  entire  insulated  cable  on  insulators  with 
good  free  air  spacings  between  all  adjacent  conductors  and  to 
ground. 
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Stephen  Q.  Hayes  (by  letter) :  The  writer  agrees  with  three 
of  the  principles  enumerated,  but  does  not  beUeve  that  in  stations 
where  voltages  of  33,000  and  upward  are  obtained  by  means  of 
step-up  i  transformers  **  each  conductor  should  be  sur- 
rounded and  separated  from  every  other  by  a  continuous  fire- 
proof barrier  ",  and  for  the  following  reasons: 

First,  the  violence  of  an  arc  and  the  destructive  effect  of  a 
short  circuit  seem  to  depend  more  on  the  amount  of  current 
than  power  available,  or  for  the  same  amount  of  power  would  di- 
minish with  increase  in  voltage. 

Secondly,  the  short-circuit  current  available  on  the  secondary 
side  of  a  transformer  is  less  than  that  which  would  be  supplied 
by  a  generator  wound  for  the  same  voltage  and  connected 
directly  to  the  bus-bars.  The  use  of  the  transformers  introduces 
a  cushioning  effect. 

Thirdly,  as  the  fire-proof  barriers  offer  a  more  or  less  perfect 
ground  for  high-voltage  circuits,  the  striking  distance  from  wire 
to  ground  has  to  be  greatly  reduced  over  what  could  be  obtained 
with  open  wiring  in  the  same  space. 

Fourthly,  the  use  of  enclosed  bus-bars  and  wiring  ordinarily 
necessitates  several  floors  or  galleries  and  a  more  expensive 
building  and  more  costly  structures  than  the  open  wiring. 

Fifthly,  it  is  more  difficult  to  inspect  and  repair  bus-bars, 
wiring,  disconnecting-switches,  lightning-arresters,  etc.,  that  are 
boxed  in  masonry  compartments  and  only  visible  and  accessible 
by  the  removal  of  doors  than  if  everything  is  in  plain  sight. 
Incipient  trouble  will  be  noticed  far  sooner  with  open  wiring 
than  with  enclosed  and  inspection  will  be  more  frequent  and 
thorough  if  the  station  attendant  in  a  few  minutes'  walk  can  see 
everything,  than  if  he  had  to  remove  several  hundred  doors  and 
visit  two  or  three  floors  to  examine  the  condition  of  the  apparatus. 

As  Mr.  Blackwell  refers  particularly  to  the  Toronto  &  Niagara 
Power  Company's  transformer  house  at  Toronto  as  a  typical 
example  of  the  enclosed  wiring  and  bus-bars,  it  might  be  stated 
that  at  the  time  of  a  recent  visit  to  that  station  in  February,  the 
static  discharge  apparently  from  the  60,000-volt  wiring  and  bus- 
bars could  be  heard  all  over  the  building.  This  trouble  may 
have  been  remedied  since  that  time,  but  is  one  far  more  likely 
to  be  met  with  in  a  system  of  enclosed  wiring  than  in  a  system 
of  open  wiring  such  as  that  of  the  Ontario  Power  Company's 
Plant  at  Niagara  Falls. 

C.  W.  Hutton  (by  letter) :  The  enclosed  station  for  the  higher 
potentials  has  not,  as  stated  by  the  author,  been  given  the 
attention  which  it  appears  its  importance  demands.  Cable 
insulation  for  potentials  of  50,000  volts  and  upwards  seems  out 
of  the  question  and  the  only  alternative  seems  to  be  the  use  of 
long  bus-bar  ducts  with  the  conductors  mounted  on  suitable 
insulating  supports,  (the  ordinary  line  insulator  being  the  most 
common  practice).  The  arrangement  of  the  apparatus  which 
would  seem  most  simple  and  satisfactory  would  be  to  set  the 
transformers  in  a  straight  line  and  in  groups.    A  moderately 
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heavy  brick  wall  should  be  built  immediately  back  of  the  trans- 
formers with  openings  suitably  arranged  for  the  passage  of  the 
high-potential  wires  from  the  transformers,  which  should  be  set 
with  their  high-potential  sides  next  to  the  wall.  Suitable  open- 
air  disconnecting  switches  should  be  interposed  between  the 
transformers  and  the  openings  in  the  wall  and  be  mounted  upon 
the  brick  wall  immediately  above  the  transformers.  Three  bus- 
bar ducts  (considering  that  three  phase  working  is  to  be  used), 
preferably  of  tiling  on  account  of  its  many  desirable  features, 
eacii  having  a  section  of  approximately  2  ft.  4  in.  by  2  ft.  6  in. 
high  should  be  arranged  one  above  the  other  immediately  back 
of  the  brick  wall,  the  bottom  of  the  lower  duct  being  approx- 
imately level  with  the  tops  of  the  transformers. 

Sectional  bus-bars  and  line  oil-switches  should  be  arranged 
in  tile  compartments  immediately  back  of  the  bus-bar  ducts, 
the  bottom  of  the  compartments  being  on  a  level  with  the  bottom 
of  the  lower  bus-bar  duct.  Suitable  hand-operated  oil-switches 
for  plants  of  from  10.000  to  15,000  kilowatts  can  now  be  made 
up  in  three-pole  units  at  a  cost  of  about  $175.00,  including  the 
remote-control  apparatus,  so  that  the  hberal  use  of  oil-switches 
is  not  prohibitive  on  account  of  expense. 

One  of  these  three-pole  units  can  be  very  conveniently  installed 
in  a  space  of  5  by  5  by  10  ft.  long.  From  the  oil-switches  used 
for  the  individual  line  circuits,  the  hues  pass  through  suitable 
wall  openings  to  the  outdoor  disconnecting  switches  mounted  on 
poles  immediately  adjoining  the  building,  thence  to  the  trans- 
mission Hnes.  Remembering  that  all  oil-switches  have  open-air 
disconnecting  switches  on  both  sides,  it  will  be  seen  that  it  is 
never  necessary  to  open  the  air-switches  under  load.  Practice 
has  shown  the  above  arrangement  to  work  out  very  simply 
in  construction  and  highly  effective  in  operation. 

The  low-potential  station  wiring  at  any  voltage  from  15,000 
down  has  been  so  well  standardized  that  time  will  not  be  taken 
to  discuss  it. 

Wm.  McClellan  (by  letter):  There  is  little  doubt  that  the 
enclosed  wiring  is  much  more  desirable  in  power  stations  and  sub- 
stations when  the  voltage  is  less  than  say  20,000.  Above  this 
voltage,  engineers  would  do  well  to  favor  conditions  which  will 
permit  of  open  wiring  as  much  as  possible.  It  is  a  note- worthy 
fact  that,  for  the  same  power,  as  the  voltage  increases,  the  arc, 
although  capable  of  jumping  over  longer  distances,  becomes  in 
itself  less  destructive.  It  may  also  be  noted  that  about  the 
only  time  an  arc  can  start  in  a  properly  designed  installation  is 
where  open  switching  is  done.  So  far  as  bus-bars,  tap  connec- 
tions, and  apparatus  terminals  are  concerned,  there  is  no  danger 
whatever  in  open  wiring.  The  remedy  then  is  to  make  use  of 
oil  switches.  It  is  usually  found  that  for  very  high  voltages 
the  amount  of  space  required  and  the  cost  of  complete  installa- 
tion would  be  far  greater  for  the  enclosed  wiring  than  for  the 
ordinary  open  type.  It  is  quite  apparent  that  the  trend  of 
design  for  very  high  voltage  sub-stations  is  towards  an  inclosure 
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as  small  as  possible.  The  writer's  conception  of  the  future 
very  high  voltage  sub-station,  or  step-up  portion  of  a  power  house 
installation,  is  a  small  switching  compartment  enclosing  the 
control  switches  and  meters,  with  transformers  and  remote  con- 
trolled oil-switch  all  out  of  doors.  Under  these  circumstances 
the  lightning  arrester  is  about  the  only  place  at  which  it  would 
be  possible  for  an  arc  to  start.  As  this  will  probably  be  out  of 
doors  anyway,  it  does  not  affect  the  general  question.  Should 
we  be  so  fortunate  as  to  get  all  that  the  electrolytic  arrester 
seems  to  promise,  we  should  have  no  trouble  here. 

L.  A.  Herdt  (by  letter) :  Large  hydroelectric  plants  of  recent 
design,  operating  under  high  voltages  and  developing  large 
amounts  of  power,  show  so  much  variety  in  the  arrangement  of 
the  electrical  apparatus  as  to  suggest  wide  differences  of  opinion 
among  the  designing  engineers  as  to  what  is  considered  necessary 
and  advisable  to  guard  against  the  spread  of  arcs  and  to  protect 
the  apparatus  from  trouble  if  it  exists  in  one  part  of  the  plant. 

In  some  cases  the  isolation  of  the  high-tension  apparatus  and 
conductors  is  carried  out  in  such  a  way  that  each  conductor  is 
surrounded  and  separated  from  every  other  by  incombustible 
walls  and  barriers.  Transformers  are  placed  in  pits  and  isolated 
from  one  another  by  heavy  masonry  fire  walls.  On  the  other 
hand,  in  one  of  the  largest  hydroelectric  plants  of  this  country, 
the  high-tension  bus-bars  and  disconnecting-switches  are  placed 
in  an  open  room  without  any  intervening  sections  or  barriers; 
the  transformers  are  walled  in,  but  in  groups  of  three. 

In  another  installation  of  considerable  size  the  transformers 
will  be  found  all  placed  together  in  one  room,  the  high-tension 
wiring  is  open  without  barriers  of  any  kind ;  considerable  distance 
is  allowed  between  the  conductors  and  this  has,  so  far,  afforded 
sufficient  protection. 

The  writer,  however,  agrees  with  Mr.  Blackwell  that  high- 
tension  apparatus  and  conductors  require  to  be  guarded  against 
the  spread  of  arcs,  and  should  be  protected  from  fire  spreading 
from  adjoining  apparatus  or  from  external  sources.  This  pro- 
tection is  best  secured  by  fire-proof  barriers,  but  the  extent  of 
this  protection  and  the  expenditure  thus  incurred  should  bear 
some  relation  to  the  amount  of  power  generated  and  the  revenue 
to  be  derived  from  the  sale  of  the  power.  The  writer  is  of  the 
opinion  that  when  there  exists  a  number  of  high-tension  trans- 
mission lines  carrying  large  amounts  of  power,  each  transmission 
line,  with  its  high-tension  switches,  bus-bars,  lightning-arresters, 
and  transformers  forming  one  unit,  should  be  separated  alto- 
gether by  fire  walls  and  the  like  from  the  apparatus  belonging 
to  another  similar  set.  The  high-tension  bus-bars  common  to 
all  the  different  units  should  be  constructed  with  great  care,  and 
whether  placed  in  continuous  fire-proof  barriers  or  not  they 
should  be  provided  with  disconnecting-  and  tie-switches,  so  that 
each  unit  could  be  operated  as  a  separate  plant  or  could  be  coupled 
with  the  others  when  found  advisable. 
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POTENTIAL  STRESSES  AS  AFFECTED  BY  OVERHEAD 
GROUNDED  CONDUCTORS. 


BY  R.  P.  JACKSON. 


This  paper  is  a  theoretical  investigation  of  the  potential 
gradients  and  the  equipotential  Surfaces  about  grounded  con- 
ductors suspended  in  the  air,  and  also  about  metallic  towers  for 
supporting  transmission  lines.  It  is  obvious  that  equipotential 
surfaces  surround  all  conducting  material  subject  to  static 
strain,  but  the  position  of  these  surfaces  and  the  gradient  of 
change  at  different  points  are  usually  difficult  to  determine. 

An  example  is  furnished  in  the  overhead  grounded  wire  some- 
times used  as  a  protection  for  a  transmission  line  against  lightning. 
Such  a  wire  placed  above  a  transmission  line  serves  two  purposes : 
first,  it  interposes  a  grounded  conductor  between  the  sky  and 
^he  transmission  line,  and  tends  to  relieve  the  line  from  direct 
strokes  (the  effectiveness  of  the  grounded  wire  for  this  purpose 
will  probably  depend  largely  on  its  size  and  the  frequency  with 
which  it  is  grounded) ;  secondly,  a  much  more  frequent  condition, 
however,  is  the  stress  due  to  induced  potential  between  the 
transmission  wire  and  ground.  If  we  make  an  assumption 
which  seems  reasonable  that  there  is  a  potential  stress  between 
a  cloud  and  the  ground,  and  that  the  distribution  of  this  stress 
is  nearly  uniform,  at  least  in  the  vicinity  of  the  earth's  surface; 
that  is,  that  the  potential  due  to  the  cioud  is  proportional  to 
the  height  above  the  ground,  and  the  potential  gradient  is, 
therefore,  approximately  a  straight  line  near  the  ground,  it  is 
possible  to  determine  in  what  way  this  gradient  will  be  altered 
by  the  presence  of  a  grounded  conductor  some  distance  above 
the  earth. 

The  potential  at  a  point  near  an  indefimtely   long   cylinder 
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remote  from  other  conductors  is  proportional  to  the  logarithm 
of  its  distance  from  the  centre  of  the  cylinder.  If  the  potential 
at  the  point  also  tends  to  be  proportional  to  its  distance  above 
the  ground,  its  resultant  potential  will  be  the  algebraic  sum  of 
the  two.  Obviously,  the  surface  of  the  ground  is  itself  an 
equipotential  surface;  for  if  it  were  not,  current  would  flow 
from  the  points  of  high  to  those  of  low  potential,  and  it  would 
immediately  become  an  equipotential  surface.  This  fact,  that 
the  earth  is  conducting,  cannot  be  represented  mathematically, 
so  it  is  necessary  to  assume  an  image  of  a  charged  object  the 
same  distance  below  the  earth's  surface  as  the  real  object  is 
above,  and  that  its  charge  is  always  of  opposite  sign.  The 
surface  of  the  earth  then  becomes  of  uniform  potential  with- 
out assuming  that  it  is  conducting.  The  equation  for  poten- 
tial   of    a    point    near     a     grounded     wire     then     becomes 

CH-Klog^  =  P  (1) 

where  H  is  the  distance  of  the  point  above  the  ground, 
C  and  K  are  constants,  and  R  and  r  are  distances  of  the 
point  from  the  image  and  the  wire  respectively.  P  is  then 
the  potential  of  the  point  taken.  By  taking  the  point  on  the 
surface  of  the  grounded  conductor,  H,  R,  r,  and  P  become 
known.  The  constant ,C ,  is  determined  by  the  assumed  gradient, 
so  the  constant  K  may  then  be  determined,  and  if  logarithms  to 
the  base  10  are  used,  will  include  the  proper  modulus. 

In  Fig.  1  a  0.5-in.  wire  50  ft.  above  the  ground  has  been  asstimed. 
The  gradient  is  taken  at  two  per  foot,  so  that  if  the  wire  were 
not  there  the  potential  at  the  point  where  it  has  been  assumed 
would  be  100.  This  is  convenient  so  that  values  deduced 
may  also  be  used  as  per  cent,  ratios.  The  equation  becomes 
approximately 

2H'Z0log  —  =  P(2). 

All  the  curves  of  Fig.  1  are  calculated  from  this  equation. 

It  may  be  seen  that  at  no  point  directly  beneath  the  groimded 
conductor  is  the  potential  greater  than  52.  Curve  G  becomes 
the  gradient  instead  of  .V.  The  meaning  of  this  is  that  a  trans- 
mission wire  placed,  say  5  ft.  below  the  grounded  mre,  would, 
when  there  was  a  charged  cloud  overhead,  have  a  potential  of 
about  55%  of  that  which  would  exist  if  there  were  no  grounded 
wire  tending  to  cause  a  charge  to  leak  from  ground  to  the 
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transmission  line.  Again,  after  the  cloud  has  discharged,  there 
would  be  only  55%  as  great  a  potential  on  the  wire,  and  con- 
sequently only  55%  as  great  a  charge  to  escape  suddenly  to 
ground.  In  other  words,  the  curves  do  not  indicate  that 
complete  protection  is  obtainable  from  a  single  wire,  but  that 
under  certain  conditions  a  material  reduction  of  static  stress 
will  occur.     The  amount  of  this  reduction  is  dependent  on  the 
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relative  positions  of  the  transmission  line  and  the  grounded 
conductor. 

The  equation  given  for  a  single  conductor  may  easily  be 
elaborated  to  cover  any  number  of  conductors  of  various  sizes, 
distances  apart,  and  height  above  ground.  By  taking  the  point 
for  which  the  potential  is  determined  by  equation  (2)  on  the 
diflFerent  wires  in  succession,  as  many  equations  will  be  ob- 
tained as  there  are  constants,  so  all  may  be  determined. 
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The  equation  for  two  wires,  10  ft.  apart,  50  ft.  high,  and  0.5  in. 
in  diameter,  becomes 

2  H-23  log  —  ^P. 


rr 


Fig.  2  shows  the  corresponding  curves.  It  will,  of  course,  be  true 
that  the  protected  area  is  considerably  larger.  Fig.  3  shows  the 
assumed  gradient,  a  straight  line  reaching  a  value  of  100  at  a 
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height  of  50  ft.,  and  also  shows  the  gradients  on  a  medial  plane 
for  one  0.5-in.  wire,  50  ft.  high,  two'0.5-in.  wires,  10  ft.  apart, 
and  50  ft.  high,  and  the  same  plus  another  wire  between  them 
and  5  ft,  higher.  Curve  1  being  for  one  wire,  Curve  2  for  two 
wires,  and  Curve  3  for  the  three  wires,  respectively.  If  a  number 
of  wires  were  arranged  either  in  a  horizontal  plane  or  cylindrically 
with  the  concave  side  towards  the  earth,  there  would  be  a  lai^ 
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area  of  low  potential  covered,  which    would  probably  be  a 
comparatively  safe  location  for  a  transmission  line. 

The  above  deductions  are  based  on  the  asstmiption  that  the 
transmission  wires  are  completely  insulated,  both  from  the 
ground  and  from  the  other  parts  of  the  circuit  not  affected  by 
the  cloud  potential.  Insulated  uncharged  conductors  of  small 
dimensions  in  the  direction  of  the  static  stress  have  no  ap- 
preciable effect  on  the  static  field  about  them.  The  above  is  a 
condition,  however,  that  would  be  practically  impossible  on  a 
real  transmission  line,  since  it  is  reasonably  certain  that  either 
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the  insulators  will  leak  sufficiently  soon  to  supply  the  small 
charge  necessary  to  relieve  the  potential  stress,  or  such  charges 
will  be  supplied  through  a  grounded  neutral,  if  there  be  one,  or 
by  the  capacity  of  the  remainder  of  the  circuit  not  affected  by 
the  cloud  potential.  In  any  case  the  gradually  developed 
stress  due  to  the  cloud  will  be  relieved  by  charges  appearing  on 
the  transmission  wires,  but  when  the  cloud  suddenly  discharges 
by  a  lightning  flash,  the  charges  on  the  line  wires  escape  suddenly 
either  lengthwise  on  the  wires  and  into  power  stations,  or  over 
insulators  at  the  points  where  the  stress  is  greatest. 
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By  the  fundamental  principle  of  the  conservation  of  energy, 
the  potential  stress  which  will  cause  a  charge  to  appear  on  a  wire 
will  be  reproduced  in  the  opposite  direction  by  that  charge,  if 
the  original  stress  be  removed.  This  also  holds  good  when  a 
grounded  wire  is  placed  above  a  transmission  line,  so  although 
curves  of  Figs.  1,  2,  and  3  are  calculated  on  the  basis  of  per- 
fectly insulated  line  wires,  they  hold  equally  good' for  en* actual 
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transmission  line  where  charges  could  readily  find  their  way 
to  the  parts  of  the  line  under  stress  by  the  paths  previously 
mentioned.  This  can  be  proved  mathematically,  independently 
of  the  principle  of  conservation  of  energy  referred  to  above. 

If  the  line  were  so  insulated  that  only  a  partial  charge  could 
leak  to  the  transmission  wires,  the  primary  stresses  would  be 
reduced  somewhat,  but  the  groimded  wire  would  still  have  the 
same  beneficial  effect. 
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It  is  obvious  that  to  get  the  full  benefit  of  the  grounded 
conductors,  they  should  be  thoroughly  and  frequently  connected 
to  the  ground*  as  their  effectiveness  consists  in  releasing  their 
own  charge  at  the  moment  of  a  lightning  flash,  and  immediately 
receiving  another  of  opposite  sign  from  the  groimd.  This 
latter  charge  is  then  of  opposite  sign  to  that  which  still  remains 
on  the  transmission  wires,  and  serves  to  reduce  the  potential  of 
these  wires. 


It  will  be  noted  in  Figs.  1  and  2,  that  the  lines  representing 
the  equipotential  surfaces  are  closely  crowded  together  on  the 
upper  side  of  the  grounded  wire.  This  characteristic  is  much 
more  marked  in  the  case  of  a  tower  or  spire  projecting  toward 
the  sky.  The  potential  of  a  point  near  such  an  object  is  much 
more  difficult  to  calculate,  so  in  Fig.  4,  a  1-in.  conducting 
vertical  cylinder  50  ft.  high  was  assumed,  and  the  equipotential 
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surfaces  calculated.  Curve  C  shows  approximately  the  propor- 
tional charge  at  different  points  along  the  cylinder.  Curve  G 
shows  the  potential  gradient  from  the  top  of  the  cylinder.  It 
is  seen  that  the  charge  density  becomes  relatively  very  great 
at  the  top  of  the  pole  or  cylinder,  and  that  the  change  of  po- 
tential is  very  rapid  for  the  first  two  or  three  feet  above  the  top 
of  the  cylinder.    This  is  a  condition  tending  to  produce  leakage 
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into  the  atmosphere,  or  corona  effect,  such  as  the  St.  Elmo's 
light  seen  at  times  on  mastheads  of  vessels. 

Apparently,  if  an  insulator  were  placed  on  the  top  of  this 
cylinder,  and  a  high-potential  conductor  were  carried  by  this 
insulator,  there  might  develop  a  conducting  state  in  the  at- 
mosphere about  this  insulator  that  would  cause  it  to  flash  over, 
especially  if  there  were  any  sudden  rise  of  potential  on  the 
conductor  carried  by  the  insulator.    Fig.  5  shows  one  view  of  a 
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metal  tower  under  this  condition,  and  Fig.  6  another  view. 

Fig.  7  shows  the  natural  suggestion  for  relief.  If  the  tower 
structure  were  carried  higher,  and  the  insulators  and  trans- 
mission wires  suspended  downwards,  the  desired  result  would 
be  obtained  without  the  additional  shielding  device  shown  in 
Fig.  7. 

All  the  discussion  given  in  this  paper  is,  of  course,  pure 
theory,  and  if  there  were  never  any  insulators  broken,  or  other 


trouble  from  lightning  strains,  it  would  have  no  practical 
value.  Insulators  are  broken,  however,  especially  those  carried 
on  metallic  towers.  So,  while  the  information  given  in  the 
curves  does  not  indicate  to  any  degree  how  much  trouble  can  be 
eliminated  by  the  devices  discussed,  there  seem  to  be  sug- 
gestions as  to  the  most  effective  arrangement  of  such  devices. 
If  line  insulators  are  subjected  to  frequent  stresses  of  a  value 
five  times  that  which  they  will  stand,  a  reduction  of  50%  would 
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not  avail  much.     If,  however,  the  average  of  normal  stresses  to 
which  they  are  subject  are  only  150%  of  the  break-down  value,  a 
reduction  of  one-half  in  these  stresses  may  eliminate  a  very 
large  amount  of  trouble. 
The  general  conclusions  are  as  follows: 

1.  Properly  placed  and  grounded  conductors  above  a  trans- 
mission line  ought  materially  to  reduce  the  electrostatic  stresses 
to  which  the  insulators  will  be  subjected. 

2.  An  insulator  interposed  between  a  high  metallic  structure 
and  the  sky,  without  a  grounded  conductor  above  the  insulator 
to  act  as  a  shield,  is  exceptionally  liable  to  break  down. 
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Discussion  on  "  Potential  Stresses  as  Affected  by  Over- 
head Grounded  Conductors/'  at  Chicago,  May  24,  1907 

P.  M.  Lincoln:  I  consider  Mr.  Jackson's  paper  an  interesting 
discussion  of  a  very  important  topic.  It  is,  as  Mr.  Jackson 
admits,  purely  a  theoretical  discussion  of  the  amount  of  protec- 
tion which  may  be  expected  from  an  overhead  grounded  wire. 
Many  transmission  line  operators  believe  that  this  overhead 
grounded  wire  has  no  virtue;  others  believe  that  it  has  a  great 
deal  of  virtue.  I  expect  that  there  are  representatives  of  both 
camps  present  and  I  hope  the  discussion  will  be  complete. 

Dugald  C.  Jackson:  This  paper  relates  to  a  subject  that  was 
discussed  at  the  last  Niagara  Falls  meeting  of  the  Institute. 
It  was  there  somewhat  vigorously  discussed  on  both  sides. 
It  seems  to  me  that  the  art  has  progressed  a  good  deal  since 
that  meeting,  and  the  iron  tower  has  become  very  much  more 
important  as  a  support  for  transmission  lines  than  it  was  then. 
At  that  time  one  could  consider,  for  the  larger  portion,  at  least 
of  existing  plants  and  perhaps  the  larger  portion  of  plants  then 
under  construction,  that  the  wires  were  erected  upon  wooden 
pole  lines  with  wooden  cross-arms,  and  that  one  could  rely  to 
some  considerable  degree  upon  the  insulation  of  the  wooden 
parts  supporting  the  insulators.  At  the  present  time  one  must 
look  upon  the  future  transmission  lines,  and  even  the  most  im- 
portant transmission  lines  of  the  present  day  as  they  are  being 
built,  as  lines  supported  upon  iron  towe.s  and  therefore  lines 
for  which  one  can  only  rely  upon  the  insulators  themselves  to 
give  the  insulation.  It  seems  to  me  that  the  latter  condition, 
as  compared  with  the  old  wooden  pole  lines,  makes  this  dis- 
cussion of  the  overhead  grounded  protective  wire  quite  a  differ- 
ent matter.  When  we  had  the  advantage  of  the  wooden  insu- 
lation to  assist  the  overhead  insulator,  anything  which  brought 
the  potential  of  the  earth  closer  to  the  transmission  line,  as 
would  be  the  case  with  the  overhead  grounded  conductor,  was 
inclined  to  increase  the  probability  of  a  breakdown  of  the  in- 
sulator, for  the  reason  that  it  reduced  the  amount  of  added  re- 
sistance to  breakdown  by  reducing  the  length  through  the 
wood.  I  think  that  that  effect  has  to  a  large  degree  been  the 
effect  that  has  led  many  people  to  object  to  the  overhead  ground- 
ed conductor,  especially  when  added  to  the  fact  that  the  over- 
head grounded  conductors  were  frequently  put  up  very  badly 
and  caused  trouble  on  account  of  their  poor  mechanical  struc- 
ture. However,  even  badly  put  up  as  they  were  of  old,  and 
notwithstanding  the  condition  by  which  (with  the  wood  pole 
line)  the  breakdown  stress  after  the  cloud  discharge  had  oc- 
curred was  increased  on  the  insulators,  the  fact  that  the  grounded 
conductor  made  a  secondary  circuit  which  in  a  certain  extent 
abates  the  surges  (as  was  pointed  out,  I  think,  by  Mr.  Steinmetz 
at  the  Niagara  meeting  I  refer  to),  apparently  gave  the  grounded 
conductor  considerable  value. 
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Now,  when  we  come  to  the  situation  where  the  wooden  in- 
sulation is  out  of  the  account,  a  reduction  of  perhaps  50  per 
cent,  of  the  electrostatic  stress  on  the  insulator  is  well  worth 
while,  as  Mr.  R.  P.  Jackson  points  out.  I  doubt  whether  che 
reduction  in  the  direct  electrostatic  stress  produced  by  the 
grounded  wire  would  be  so  great  as  50  per  cent.,  but  if  the  re- 
duction is  as  great  as  25  per  cent.,  which  I  have  been  able  to 
convince  myself  it  might  be,  I  think  it  might  be  well  worth 
obtaining  in  the  case  of  a  line  built  upon  iron  towers.  Perhaps 
the  reason  that  Mr.  R.  P.  Jackson  and  myself  differ  as  to  the 
amount  of  reduction  of  the  stress  that  comes  about  by  a  single 
overhead  grounded  wire  lies  in  the  fact  that  he  has  in  his  math- 
ematical formulas  taken  no  account  of  the  disturbing  influence 
of. the  metal  line  conductors  themselves,  while  I  have  tried 
to  do  that,  and  when  one  takes  three-phase  wires  six  feet  apart 
and  puts  a  single  grounded  conductor  a  few  feet  above  them, 
the  influence  is  not  nearly  so  great  as  one  would  imagine  he 
would  obtain  from  an  examination  of  these  equi-potential 
curves  of  Mr.  R.  P.  Jackson's  paper.  This  is  by  no  means  a 
.  criticism  of  Mr.  R.  P.  Jackson's  paper,  which  I  think  is  a  most 
suggestive  paper  and  which  comes  at  the  very  pertinent  moment 
when  the  construction  is  changing  from  the  old  wood  pole  line 
construction  to  the  preferable  iron  tower  construction. 

D.  R.  Scholes:  I  am  hardly  qualified  to  speak  on  this  subject, 
so  far  as  potential  stresses  are  concerned,  but  I  come  in  contact 
quite  a  good  deal  with  the  problem  of  the  grounded  conductor 
in  building  transmission-line  towers,  and  it  is  interesting  to 
learn  how  great  the  range  of  opinion  is  regarding  the  question. 
In  some  very  long  lines  using  steel  towers  no  overhead  grounded 
wire  has  been  provided.  This  is  true  with  regard  to  the  lines 
of  the  Niagara,  Lockport  &  Ontario  Power  Company.  A 
certain  amount  of  trouble  has  been  reported  with  the  top  in- 
sulators in  these  lines,  presumably  due  to  the  absence  of  the  over- 
head grounded  conductor.  In  some  cases,  one,  two,  or  as  many  as 
three  overhead  grounded  wires  are  provided  for  in  the  towers ;  in 
other  cases  there  are  guards  placed  over  the  insulators,  or  light- 
ning-rods are  provided,  projecting  considerably  above  the  top 
of  the  insulator.  In  one  installation  now  under  construction 
in  South  Carolina,  three  overhead  grounded  wires  are  installed, 
placed  in  a  sort  of  umbrella  arrangement  over  the  power  wres, 
which  seems  to  be  the  most  extensive  attempt  at  protection 
against  lightning  or  static  discharges  by  means  of  grounded 
wires  that  has  yet  been  made. 

The  usual  idea  that  occurs  to  the  tower  builder  regarding 
the  effectiveness  of  the  overhead  grounded  wire  is  that  if  it  is 
placed  at  such  elevation  that  a  plane  passing  through  it  and 
making  an  angle  of  45  degrees  with  the  horizontal  lies  above 
all  the  power  wires,  the  power  wires  will  be  protected.  Where 
this  idea  gets  its  foundation  I  do  not  know,  but  it  comes  to  us 
very  often,  and  we  are  often  called  upon  to  place  the  grounded 
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conductor  supports  in  this  way.  Almost  without  exception  the 
towers  that  are  now  being  buiU,  to  my  knowledge,  are  provided 
with  ground  wire  support  in  such  way  that  if  the  ground  wire 
is  not  strung  at  the  outset  it  may  be  strung  later,  if  developments 
indicate  that  it  is  needed. 

H.  C.  Hoagland:  My  experience  has  been  chiefly  in  Michigan 
where  we  have  had  trouble  with  lightning.  We  ran  a  grounded 
wire  on  the  under  side  of  the  transmission  wire,  and  then  noticed 
that  the  lightning  discharged  down  to  the  poles,  splitting  them. 
After  putting  on  the  ground-wire  it  practically  eliminated  that 
trouble.  On  the  line  from  Jackson  to  Battle  Creek  two  ground- 
wires  were  used  on  the  top  arm,  one  on  each  end  of  the  arm, 
and  that  practically  relieved  the  trouble  in  that  case.  In 
Illinois  a  part  of  the  line  is  equipped  with  the  ground- wire  on 
top  of  the  pole;  that  has  only  been  in  service  about  a  month, 
but  there  has  been  no  trouble  on  that  line.  On  some  of  the 
other  lines  there  has  been  serious  trouble;  they  have  been  shut 
down  four  or  five  times  in  the  last  month.  Arrangements  are 
now  making  to  put  the  ground  wire  on  top  of  the  poles  as  fast 
as  it  can  be  done.  There  is  only  one  ground-wire,  but  on  new 
construction  perhaps  it  would  be  best  to  install  two  ground- wires. 

P.  M.  Lincoln:  I  would  like  to  ask  Mr.  Hoagland  if  his  ex- 
perience has  demonstrated  that  the  ground-wire  is  of  positive 
value  in  preventing  lightning  discharges? 

H.  C.  Hoagland:      It    has    been    demonstrated  beyond  any 
question  of  doubt  in  my  mind  that  it  is  a  great  benefit  even 
on  the  wooden  poles,  as  in  the  Michigan  case.     We  had   several 
cases    where    four    or    five    poles  have  been  split  into  slivers. 
Putting  on  the  ground  wire  did  away  with  all  that  trouble. 

R.  P.  Jackson:  In  regard  to  putting  a  lightning-rod  on  top 
of  the  tower.  In  some  cases  that  feature  results  for  good. 
Any  conductor  carried  up  above  the  insulator  which  the  light- 
ning may  strike  if  it  comes  that  way  and  which  will  also  re- 
lieve the  stress  through  the  space,  that  is,  the  electrostatic  stress 
through  the  atmosphere,  will  help  matters,  but  it  is  not  a  com- 
plete relief.  I  have  heard  of  cases  where  devices  of  this  kind 
have  been  put  up  and  a  partial  relief  obtained,  the  number  of 
broken  insulators  was  much  less,  but  that  number  could  be 
still  further  decreased  by  putting  up  grounded  lines  which  would 
prevent  the  transmission  lines  from  accumulating  such  a  static 
charge  as  they  would  otherwise.  Of  course  if  not  released  such 
charges  will  go  to  sub-stations  and  get  into  the  generating  sta- 
tions and  transmitting  apparatus,  but  probably  they  will  pass  off 
at  the  next  insulator.  The  greater  the  charge  the  greater  the 
tendency  to  get  off  on  a  near-by  insulator. 

James  Lyman:  I  was  in  Montana  about  a  year  ago  and 
looked  over  some  of  the  transmission  lines,  including  the  Mad- 
ison River  and  the  Big  Hole  transmission  line.  These  trans- 
mission lines  were  put  in  about  six  or  eight  years  ago.  The  Big 
Hole  line  is  16,000  volts,  two  three-phase  transmission  lines 
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on  one  pole  line.  This  line  is  about  twenty  miles  long.  It 
goes  ov3r  a  divide  in  the  mountains  where  particularly  severe 
discharges  take  place;  these  discharges  are  so  severe  that  when 
the  pole  line  was  built  the  tops  of  nearly  all  the  trees  showed 
indications  of  having  been  struck.  There  was  some  hesitancy 
about  building  a  pole  line  there,  in  fact  all  sorts  of  interrup- 
tions were  expected.  To  guard  against  trouble,  for  three  or 
four  miles  of  this  divide  a  barbed  wire  was  run  along  the  tops 
of  the  trees  that  had  been  struck  by  lightning;  on  each  side  of 
the  pole  line.  Three  barbed  wires  were  also  put  on  top  of 
the  pole  line,  one  on  the  extreme  ends  of  the  upper  cross-arm, 
which  also  carried  one  conductor  of  each  of  the  two  transmission 
hnes,  and  one  barbed  wire  on  the  top  of  the  pole  and  grounded 
the  wires  at  each  pole.  As  an  experiment,  to  see  what  the 
effect  of  these  overhead  grounded  wires  was,  a  small  switch  was 
put  into  each  of  the  ground-wires,  at  the  foot  of  the  poles,  so 
that  all  of  them  could  be  opened  during  a  thunder  storm.  The 
lightning  arresters  were  placed  in  the  usual  way  at  each  end  of 
the  transmission  line.  The  storm  effects  were  watched  soon 
after  the  transmission  was  put  in,  and  the  discharges  of  light- 
ning could  often  be  seen  coming  down  to  the  barbed  wire  on 
the  tops  of  the  trees,  also  to  the  barbed  wire  on  the  tops 
of  the  pole  line.  The  lightning-arresters  were  not  particu- 
larly active;  theie  was  not  very  much  going  on,  and  for 
some  six  or  eight  months  duiing  the  whole  season  there  was 
no  trouble.  During  one  pretty  severe  storm,  the  switches  on 
all  the  grounded  wires  were  opened  the  entire  length,  so  that 
the  grounded  wires  were  entirely  disconnected  from  the  ground, 
just  during  one  storm.  The  lightning  arresters  discharged 
almost  continuously,  and  theie  was  anxiety  lest  some  of  the 
apparatus  should  be  injured.  It  was  not,  however,  during  this 
storm,  but  it  was  a  practical  demonstration  of  the  value  of 
these  overhead  grounded  wires.  In  the  rebuilding  of  the  Mad- 
ison Rivet  transmission,  which  is  about  S0,000  volts  pressure 
and  about  sixty  miles  long,  it  was  planned  to  have  a  liberal 
size  grounded  wire,  grounded  every  three  or  four  poles,  over  the 
whole  line,  hoping  thereby  to  get  as  good  service  there  as  that 
on  the  Big  Hole  line,  which  ran  through  a  district  where  far 
more  severe  storms  occurred. 

From  my  experience  the  transmission  lines  which  are  protected 
by  overhead  grounded  wires  are  more  free  from  troubles  than 
those  which  are  not.  Of  course  lightning-arresters  also  add 
greatly  to  the  protection  of  the  system,  and  I  would  recommend 
them  in  all  cases. 

P.  B.  Wood  worth:  Lightning  protection  brings  to  mind  an 
experience  I  had  with  barbed  wire.  We  had  an  equilateral 
distribution  and  it  became  necessary  to  put  up  some  kind  of 
protection.  A  single  barbed  wiie  was  placed  above  the  equi- 
lateral triangle.  To  specify  barbed  wire  is  one  thing,  and  to 
actually  put  up  a  barbed  wire  is  auite  another  thing.     After 
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we  got  it  up  it  apparently  worked  well.  But  once — more  than 
once,  once  in  particular  that  I  remember — the  wire  broke. 
Stranded  barbed  wire  is  usually  wound  on  a  reel.  When  that 
wire  broke  it  wanted  to  get  back  on  the  reel,  and  it  went  round 
and  round  those  three  wires,  time  and  time  again,  and  one  can 
imagine  the  situation  when  it  became  necessary  to  cut  down 
a  barbed  wire  so  located. 

W.  L.  Abbott:  If  I  might  be  pardoned  for  introducing  a 
reference  to  direct-current  low-tension  matters  into  this  meet- 
ing, I  will  tell  of  an  experience  which  we  had  in  the  Harrison 
St.  power  house  of  the  Chicago  Edison  Company,  which  at  that 
time  supplied  direct  current  only  to  an  underground  system. 

During  one  particularly  severe  thunderstorm  we  noticed  at 
every  flash  of  lightning  a  flash  at  the  commutator  brushes,  and 
at  the  instant  of  this  discharge  at  the  brushes  the  dynamo  was 
so  charged  that  the  dynamo  tenders  would  receive  severe 
shocks  if  they  were  in  contact  with  the  machine,  although  or- 
dinarily the  machine  could  be  handled  without  any  discomfort 
whatever.  During  this  storm  several  switchboard  instruments 
grounded  to  their  frames  and  burned  out.  We  thought  at  the 
time  that  the  lightning  had  struck  a  building  in  the  city,  fol- 
lowed our  conductors  to  the  power  house,  and  had  gone  to  ground 
through  the  iron  framework  of  the  building.  We  decided  after- 
ward, however,  that  the  lightning  had  struck  the  iron  smoke- 
stack of  the  power  house  and  had  finally  found  a  ground  by 
jumping  from  the  framework  of  the  building  to  the  generators 
and  switchboard  apparatus,  and  then  again  to  ground  through 
the  underground  network. 

W.  B.  Jackson:  It  has  long  been  the  feeling  among  a  large 
portion  of  men  operating  electric  transmission  lines  in  regions 
where  severe  electrical  disturbances  occur  that  well  installed 
grounded  conductors  when  properly  placed  are  a  very  material 
protection.  Many  have  figured  out  reasons  for  this  protective 
characteristic  from  a  more  or  less  practical  standpoint.  Mr. 
R.  B.  Jackson  now  presents  a  careful  theoretical  analysis  of 
the  situation  as  he  sees  it.  This  analysis,  coupled  with  the 
practical  results  that  appear  to  have  been  obtained  by  use  of 
the  grounded  conductor,  strengthens  tremendously  the  argu- 
ment in  favor  of  the  installation  of  this  class  of  protection. 
To-day  it  seems  there  is  very  Httle  that  is  being  undertaken 
in  practice  in  the  field  of  alternating- current  transmission  of 
power  that  can  not  be  greatly  assisted  by  a  careful  considera- 
tion of  the  theory.  In  fact  it  almost  seems  that  the  old  time 
condition  is  being  reversed  in  these  matters  and  that  theory 
must  now  "  blaze  the  trail  "  and  practice  finish  the  clearing. 
The  old  complaint  that  grounded  conductors  are  more  trouble 
than  good  is  now  a  thing  of  the  past,  for  it  is  entirely  prac- 
ticable to  install  properly  located  and  grounded  steel  wires  so 
that  they  will  give  much  less  trouble  than  the  line  they  protect. 

There  is  a  fine  opportunity  for  study  upon  electric  lines  af- 
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fected  by  destructive  electrical  phenomena,  by  the  use  of  the 
oscillograph.  It  would  seem  that  such  work  when  undertaken 
upon  regularly  operating  lines  should  have  something  of  the 
same  zest  as  the  photographing  of  the  tiger  in  its  native  jungle. 
In  fact  it  would  seem  that  extreme  persistence  and  patience  and 
courageous  endeavor,  besides  a  good  deal  of  experience,  would 
be  required  to  get  oscillograph  records  of  all  of  the  phenomena 
involved.  Mr.  R.  B.  Jackson  has  evidently  given  this  matter 
of  grounded  protective  conductors  careful  study,  but  he  has 
other  things  that  must  demand  the  greater  part  of  his  time, 
and  the  complete  study  of  this  subject  is  one  that  may  worthily 
occupy  the  complete  time  and  attention  of  careful  investigators 
for  an  extended  period. 

This  is  a  splendid  subject  to  be  taken  up  with  the  assistance 
of  the  large  income  of  the  Carnegie  Institution  of  Washington, 
D.  C,  and  one  or  more  of  the  able  scientists  of  that  Institution 
might  execute  the  work.  I  suggest  that  the  American  Institute 
of  Electrical  Engineers  throw  its  influence  toward  such  an  end. 

George  Hayler  (by  letter):  I  am  much  interested  in  Mr. 
Jackson's  paper.  Mr.  Jackson,  while  treating  the  problem 
simply  from  the  theoretical  standpoint,  confirms  absolutely 
our  actual  experience  with  high-tension  lines. 

We  have  been  operating  a  power  system  about  forty  miles 
long,  at  33,000  volts,  25  cycles,  for  something  over  two  years, 
and  this  will  be  the  third  season  for  electrical  disturbances. 

The  original  lines  were  built  in  the  form  of  an  equilateral 
triangle,  with  the  apex  pointing  upward,  the  ground-wire  run- 
ning the  entire  length  of  the  system,  and  located  about  three 
feet  below  the  cross-arms.  This  form  of  construction  while 
exceedingly  economical,  is,  in  my  opinion,  the  worst  possible 
arrangement  that  could  be  devised.  Viitually  all  of  the  inter- 
ruptions to  the  service,  caused  by  atmospheric  disturbances, 
have  resulted  from  the  failure  of  the  top  insulators,  showing 
beyond  a  doubt  that  the  greatest  potential  strain  occurs  at  that 
point. 

The  result  in  every  case  has  been  the  same ;  that  is,  the  top  of 
the  pole  has  burned  off,  down  to  the  ground-wire.  Last  year 
we  built  five  or  six  miles  of  line,  using  a  new  form  of  con- 
struction. The  ground- wire  on  one  line  was  placed  on  top  of 
the  pole  and  the  conductors  arranged  on  two  cross-arms  below. 
In  the  other  case,  the  ground- wire  was  placed  on  one  pin  of 
the  upper  arm.  There  were  numerous  storms  last  season,  and 
so  far  this  year  there  have  been  tour  of  more  than  usual  se- 
verity. It  may  be  only  a  fortunate  coincidence,  but  the  fact 
remains  that  none  of  these  lines  have  ever  caused  us  the  slight- 
est trouble,  although  we  have  ample  evidence  of  severe  lightning 
discharges  along  the  route.  About  two  weeks  ago  one  of  our 
employes  saw  the  lightning  actually  strike  a  portion  of  this 
line  about  four  pole  lengths  from  No.  5  sub-station.  The  only 
damage  was  a  punctured   high-tension  transformer  terminal 
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which  caused  a  temporary  short-circuit  and  threw  out  the 
circuit-breaker.  I  am  thoroughly  convinced  that  had  this 
discharge  taken  place  in  the  neighborhood  of  some  of  our  old 
lines  we  should  have  undoubtedly  lost  a  pole  and  suffered 
consequent  interruption. 

I  am  pretty  thoroughly  satisfied  from  my  own  experience 
that  the  grounded  overhead  conductor  is  the  only  practicable 
method  of  preventing  insulator  trouble  due  to  severe  atmos- 
pheric disturbances.  I  believe  that  the  grounded  conductor 
should  be  of  a  fairly  large  cross-section,  not  less  than  No.  4 
gauge,  and  preferably  stranded.  It  should  be  of  the  very  best 
quality  of  annealed  iron,  thoroughly  galvanized,  and  should 
be  grounded  at  least  on  every  other  pole. 

It  will  perhaps  be  of  interest  to  tell  that  our  type  V  arresters, 
as  we  now  have  them  arranged,  are  working  perfectly,  and 
since  their  installation  we  have  not  lost  five  cents'  worth  of  ap- 
paratus due  to  the  failure  of  the  protective  devices.  There  is 
a  slight  tendency  for  the  cylinders  to  weld  together  under  a 
very  severe  discharge,  but  careful  inspection  will  prevent  any 
serious  trouble  arising  from  this  cause,  since  it  is  our  experience 
that  very  seldom  do  a  sufficient  number  of  cylinders  weld  to- 
gether during  one  discharge  to  cause  a  breaking  down  of  the 
arresters  at  normal  potential. 
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REPORT  OF  THE  BOARD  OF  DIRECTORS  FOR  THE  FISCAL 
YEAR  ENDING  APRIL  30.  1907.  m 

The  Board  of  Directors  presents  herewith  for  the  information  of  the 
Institute  a  report  of  its  work  during  the  year,  and  of  the  various  standing 
and  special  committees,  also  the  financial  standing  of  €be  organization. 

The  Annual  Convention  was  held  at  Milwaukee.  Wisconsin.  May  28-31. 
The  total  registered  attendance  was  236.  At  this  convention  President 
Wheeler  delivered  his  annual  address  upon  the  subject  of  Engineering 
Honor,  and  twenty  professional  papers  were  read  and  discussed,  also 
the  report  of  the  Standardization  Committee. 

The  Board  of  Directors  has  held  nine  monthly  meetings  during  the 
year,  and  the  Executive  Committee  one  meeting. 

In  response  to  the  invitation  of  the  Institution  of  Electrical  Engineers, 
a  representative  party  from  the  American  Institute  of  Electrical  Engineers 
was  organized  to  meet  with  European  electrical  engineers  at  London, 
June  24,  1006,  and  join  with  them  as  guests  of  the  Institution  in  a  circular 
tour  through  Great  Britain.  The  Board  of  Directors  was  represented  on 
this  tour  by  President  Wheeler,  Pasi  President  Lieb,  Manager  C.  O. 
Mailloux  and  the  Secretary.  There  were  in  the  party  23  Members  and 
12  guests  from  America,  and  22  Members  and  6  guests  from  foreign 
countries.  An  official  banquet  was  given  in  honor  of  the  visitors,  at 
Hotel  Cecil.  June  25.  at  which  about  500  guests  were  present.  After 
devoting  three  days  to  various  technical  visits  in  London  and  vicinity, 
the  party  started  June  28  on  the  circular  tour,  which  included  visits  to 
Stratford.  Rugby.  Birmingham.  Manchester.  Liverpool.  Glasgow.  Edin- 
burgh. Newcastle-on-T3me.  Leeds  and  Harrogate.  This  trip  was  made 
on  a  special  train  of  dining  coaches  furnished  by  the  London  and  North- 
western Railway.  Every  detail  was  successfully  carried  out.  and  the 
entire  tour  was  not  only  instructive,  but  thorougly  enjoyable  in  every 
respect. 

Board  of  Examiners. — ^Ten  meetings  were  held  during  the  year,  at  which 
applications  for  election  as  Associates,  enrolment  as  students,  and  transfer 
to  the  grade  of  Member  have  been  reported  to  the  Board  of  Directors  as 
follows: 

Recommended  for  election  as  Associates 944 

Not  recommended  for  election  as  Associates 4 

Recommended  for  enrolment  as  students 450 

Recommended  for  transfer  to  grade  of  Member 40 

Not  recommended  for  transfer  to  grade  of  Member 9 

Reinstated  to  grade  of  Member 1 

Held  for  further  information 7 

Total  applications  considered 1.464 
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Local  Organization  Committee. — This  committee  reports  a  present 
total  of  33  local  organizations  included  under  the  heads  of  Branches,  Uni- 
versity Branches  and  Student  Meetings.  The  University  of  Illinois  has 
been  made  a  regular  Branch  by  the  Board,  it  having  the  requisite  number 
of  Members  and  Associates  required  by  the  By-laws.  Student  Meetings 
have  also  been  authorized  by  the  Board  at  the  University  of  Maine  and 
the  Montana  Agricultural  College.  A  design  for  a  student's  pin  has  been 
authorized,  and  a  supply  ordered  for  sale.  A  conference  with  the  Editing 
Committee  led  to  an  arrangement  for  the  publication  of  meritorious 
original  papers  emanating  from  the  Branches.  There  have  been  over 
two  hundred  Branch  meetings  held,  with  a  total  attendance  of  16.500. 
At  these  meetings  137  original  papers  have  been  presented.  Cornell 
shows  an  average  attendance  of  130,  with  a  maximtmi  of  225,  Purdue  an 
average  of  100,  with  a  maximum  of  265,  Wisconsin  an  average  of  60, 
with  a  maximum  of  175.  All  of  the  University  Branches  show  that  the 
enrolled  Students  are  taking  an  active  interest  in  the  work.  As  soon  as 
the  revenue  of  the  In'stitutb  will  permit,  it  is  the  general  belief  that 
arrangements  should  be  made  for  the  systematic  visitation  of  Branches 
by  officers  of  the  Institute  and  prominent  engineers.  There  is  a  general 
call  for  some  action  of  this  kind  which  it  is  hoped  would  be  productive 
in  general  good  fellowship.  The  encouragement  of  the  attendance  of 
delegates  from  the  Branches  to  the  Annual  Convention  is  also  recom- 
mended by  the  committee. 

The  Engineers'  Building. — During  the  past  year,  the  permanent  home 
of  the  Institute,  occupied  jointly  with  the  American  Institute  of  Mining 
Engineers  and  the  American  Society  of  Mechanical  Engineers,  has  been 
finished  and  officially  dedicated.  Through  the  medium  of  the  United 
Engineering  Society,  as  a  holding  corporation,  the.  American  Institute  of 
Electrical  Engineers  is  the  owner  in  perpetuity  of  one  third  of  the  property 
numbers  25,  27,  29,  31  and  33  West  Thirty-ninth  Street,  being  five 
city  lots,  valued  at  $540,000,  purchased  by  members  and  friends  of  the 
societies,  and  the  building  thereon,  erected  at  a  cost  of  $1,050,000, 
which  was  the  gift  of  Andrew  Carnegie  to  the  founder  societies.  The 
corner  stone  was  laid  by  Mrs.  Carnegie,  May  8,  1906,  when  the  structure 
was  well  advanced.  The  first  Institute  meeting  was  held  in  the  Audi- 
torium, January  25,  1907,  and  the  offices  of  the  Institute  were  occupied 
February  4.  1907.  Inasmuch  as  the  Institute  has  acquired  a  one- 
third  interest  in  the  Engineers*  Building,  the  value  of  the  equity 
therein  has  been  included  as  an  asset,  and  appears  for  the  first  time 
in  the  financial  statement. 

Building  Fund  Committee. — ^The  last  annual  report  of  the  Building 
Fund  Committee  stated  that  on  April  30,  1906,  the  subscriptions  had 
reached  a  total  of  $132,434.30  from  644  subscribers,  and  that  $88,238.10 
had  been  received  and  deposited  in  the  Treasury  of  the  Institute. 
The  Committee  reports  that  at  the  same  date  this  year  the  number  of 
subscribers  to  the  fund  had  risen  to  934;  that  the  amount  subscribed  had 
reached  $163,734.47,  and  that  the  amount  actually  collected  and  de- 
posited had  reached  $124,829.17.  It  will  be  seen,  therefore,  that  the  new 
subscriptions  during  the  year  reached  over  $31,000,  and  that  the 
oash  collections   during  the   year    amoimted   to  $36,591.     The  largest 
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contributors  during  the  year  were  Mr.  George  Westinghottse  and  the 
associated  Westinghouae  Companies;  namely,  the  Westinghouse  Electric 
and  Manufacturing  Company;  the  Westinghouse  Air  Brake  Company; 
the  Westinghouse  Machine  Company;  Westinghouse,  Church,  Kerr 
Company;  the  Union  Switch  and  Signal  Company;  the  Nemst  Lamp 
Company,  and  the  Cooper  Hewitt  Electric  Company.  These  interests 
subscribed  the  munificent  sum  of  $50,000  toward  the  Building  Fund  of 
the  three  founder  societies,  and  the  Institute  received  one-third  of 
this  amount.  The  Institute  also  received  one-third  of  a  similar  sub- 
scription of  $3,500  made  by  the  Allis-Chalmers  Company.  One  of  the 
most  encouraging  features  of  the  work  of  the  year  was  the  large  increase 
in  subscriptions  for  moderate  sums  from  individual  members  of  the 
Institute,  nearly  300  names  being  added  to  the  list.  It  will  be  seen 
that  barely  $20,000  is  now  required  to  complete  the  amount  that  the 
Institute  wishes  to  collect  in  order  to  meet  its  obligations  in  this  respect, 
and  it  is  believed  that  as  there  are  still  some  75  per  cent,  of  the  members 
who  have  not  contributed  to  this  fund  this  amount  shall  be  pledged 
during  the  present  year.  At  the  same  time,  it  may  be  pointed  out  that 
with  nearly  1,000  subscribers  to  the  fund,  the  Land  and  Building  Com- 
mittee is  able  to  report  a  larger  percentage  of  subscriptions  from  member- 
ship than  has  ever  been  secured  before  in  this  country  in  work  of  the 
same  character  in  a  technical  society. 

Standardization  Committee. — A  preliminary  report  prepared  by  this 
committee  was  presented  at  the  Milwaukee  Convention  in  1906,  where 
it  was  very  thoroughly  discussed,  and  referred  back  to  the  committee  for 
further  revision  before  being  submitted  to  the  membership. 

The  committee  has  held  eleven  meetings  during  the  year,  and  the 
amended  rules  have  been  sent  out  to  such  members  of  the  Institute  as 
were  believed  to  be  especially  interested  in  the  work.  A  large  number 
of  suggestions  have  been  received,  many  of  which  were  incorporated  in 
the  tentative  draft,  and  the  rules  are  now  practically  in  suitable  form  to 
be  resubmitted  for  consideration  at  the  Niagara  Falls  Convention. 

Committee  on  Bibliography. — By  the  terms  of  the  Wheeler  Deed  of 
Gift,  dated  May  17,  1901,  conveying  to  the  Institute  the  Latimer  Clark 
library,  a  complete  catalogue  raisonne  is  to  be  published  in  the  name  of 
the  Institute,  reciting  the  condition  of  gift  and  explaining  the  features 
of  interest  of  each  book,  for  the  convenience  and  information  of  members. 
The  preparation  of  these  entries,  their  verification,  and  chronological 
and  subject  classification,  has  been  completed,  and  the  work  is  now  in 
the  hands  of  the  printer.  Arrangements  have  been  made  with  the 
Library  of  Congress  and  the  British  Museum  for  a  careful  comparative 
reading  of  the  proofs,  and  Dr.  Silvanus  P.  Thompson,  Dr.  G.  Hellman 
and  Paul  F,  Mottelay  have  also  kindly  consented  to  read  them  critically. 
The  necessary  care  required  to  insure  accuracy,  and  render  the  work 
authoritative  and  worthy  of  the  Institute,  involves  a  considerable 
amount  of  time,  but  it  is  hoped  that  the  volume  will  be  finished  during 
the  present  year. 

Committee  on  Papers. — ^This  committee  has  endeavored  to  obtain 
theoretical  and  practical  papers  covering  the  principal  branches  of  the 
art,  and  also  to  make  the  discussions  more  valuable,  by  inviting  specialistt 
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to  take  part,  after  studying  the  Tapers  in  advance.  Sixteen  papers  were 
presented  at  New  York,  and  21  are  listed  for  the  Annual  Convention  at 
Niagara  Falls,  in  addition  to  topical  discussions. 

The  committee  recommends  the  preparation  of  rules  and  specifications 
for  the  guidance  of  authors  in  order  that  suitable  cuts  may  be  prepared 
for  publication  at  a  considerable  reduction  in  cost. 

The  Editing  Committee. — Immediately  after  its  appointment,  the 
attention  of  this  committee  was  directed  to  the  possibility  of  making  the 
ProceMings  a  vehicle  of  information  to  the  membership,  of  the  general 
work  of  the  Institute.  A  conference  with  the  Local  Organization  Com- 
mittee brougiit  out  the  desirability  of  also  including  therein  a  larger  pro- 
portion of  meritorious  papers  originating  through  the  Branch  meetings. 
This  work  was  undertaken  beginning  with  the  October  1906  issue,  and 
many  expressions  of  approval  have  reached  the  committee  and  the  Secre- 
tary. The  change  has  involved  considerable  additional  labor  and  expense, 
but  the  result  has  not  only  been  appreciated  by  the  membership,  but  has 
made  the  Proceedings  a  still  more  valuable  advertising  medium. 

John  Fritt  Medal. — On  the  occasion  of  the  dedication  of  the  Engineers* 
Building,  April  17,  1907,  this  medal  was  presented  to  Alexander  Graham 
BellJ  Past- president  of  the  Institute,  in  accordance  with  the  decision  of 
the  John  Fritz  Medal  Board  of  Award,  upon  which  the  Institute  is 
represented. 

Committee  on  Law. — The  attention  of  this  committee  has  been  again 
devoted  to  a  revision  of  the  Constitution.  The  failure  in  the  adoption  of 
the  draft  submitted  a  year  ago,  led  to  the  preparation  of  a  revision  em- 
bod3ring  fewer  changes,  and  the  committee  had  the  benefit  of  the  advice  of 
a  majority  of  its  members  representing  the  interests  of  the  Branches. 
The  result  was  satisfactory  in  enlisting  the  enthusiastic  support  of  the 
Branches,  many  of  which  made  special  efforts  to  induce  their  members  to 
send  in  their  votes,  with  such  success  that  over  2,500  ballots  have  been 
received. 

High  Tension  Transmission. — A  specia  meeting  was  held  in  New 
York,  March  22,  under  the  auspices  of  this  committee,  at  which  intro- 
ductions to  discussions  had  been  prepared.  In  addition  to  the  oral  dis- 
cussion, a  large  number  of  written  contributions  were  received  from  mem- 
bers in  various  parts  of  the  world.  The  committee  has  arranged  for 
another  meeting  at  Chicago,  May  24,  and  for  a  session  at  the  Niagara 
Falls  Convention.  Arrangements  were  made  for  the  publication  in  a 
single  volume  of  the  earlier  work  of  this  committee,  the  sale  of  which  was 
very  satisfactory,  and  a  second  edition  is  now  being  printed.  The 
royalties  received  for  these  publications  will  practically  cover  the  expenses 
of  the  committee,  while  the  direct  professional  value  of  the  information 
thus  obtained  and  disseminated,  is  strong  evidence  of  the  benefits  to  be 
derived  from  the  work  of  the  Institutb. 

Increase  of  Membership. — ^This  committee  has  been  continuously 
occupied  during  the  year  in  bringing  to  the  attention  of  non-members 
actively  engaged  in  electrical  work,  the  increasing  prestige  of  the  In- 
stitutb in  order  that  its  benefits  and  usefulness  might  be  more  generally 
appreciated.  The  results  have  been  very  gratifying,  as  shown  by  the 
number  of  candidates  posted  each  month,  reaching  a  total  of  about  1,200 
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during  the  period  covered  by  the  work  of  this  committee.  Since  January 
1.  about  40  enrolled  students  have  applied  for  election  as  Associates. 
The  cost  of  carrying  on  the  work  of  this  committee  is  estimated  at  about 
one  dollar  for  each  application  received. 

Membership. — ^The  total  membership  at  the  close  of  las^  year's  report 
was  3870  classified  as  follows: 

Honorary  Members 2 

Members 508 

Associates 3360 

Total  May  1,  1906 3870 

Elected  prior  to  May  1, 1906,  and  since  qualified 90 

Elected  May  1,  1906,  to  April  30, 1907,  and  qualified 751 

Restored  to  Membership 1 

4712 
Deduct — 

Total  Deaths 22 

Total  Resignations 40 

Dropped  as  delinquent 129 

191 

Total  membership  April  30.  1907 4521 

The  membership  April  30,  1907,  is  classified  as  follows: 

Honorary  Members 2 

Members 536 

Associates 3983 

Total 4621 

Associates  Elected. — The  Associates  elected  during  the  year,  May  1, 
1906,  to  April  30,  1907,  and  their  present  status  is  as  follows: 

Qualified  and  now  Associates 751 

Elections  cancelled 2 

Not  qualified  on  April  30 196 

Total  elections 949 

Resignations. — ^The  following  Members  and  Associates  have  resigned 
in  good  standing  during  the  year: 

Members. — ^A.  E.  Childs,  P.  Dawson. 

Associates.— W.  Ambler,  F.  F.  Bahnson,  S.  R.  Barton,  G.  R.  Bott, 
W.  P.  Bouch^,  Orion  Brooks,  E.  M.  Burgess,  H.  S.  Burroughs,  E.  L. 
Caldwell,  F.  R.  Chambers,  R.  E.  Cunningham,  C.  C.  Curtis,  W.  H.  Dopp, 
C.  A.  Femald,  George  S.  Gibbs,  J.  M.  Gihnore,  Phillip  Hamlin,  W.  E. 
Hopton.  C.  E.  Harthan,  M.  C.  Hull.  J.  E.  H.  Hyde,  J.  E.  Ives.  P.  H. 
Lombard,  W.  K.  Leggett,  Felix  Levy,  John  Lind,  W.  W.  Mason.  Jr., 
J.  A.  L.  MdUer,  G.  E.  McCam,  W.  E.  Moody,  G.  W.  Nistle,  F.  R.  School- 
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field.  A.  V.  Sedgwick^  R.  C.  Shaal,  Angus  Sinclair,  F.  S.  Stitt  F.  R.  SpiUer, 
C.  H.  Tyndall.     Total.  40. 

Deaths. — ^There  have  been  during  the  year  the  following  deaths : 

Members. — ^A.  V.  Abbott,  J.  B.  Cahoon,  F.  L.  Freeman,  Eugene 
Griffin,  F.  E.  Jackson,  J.  E.  Uoyd. 

Associates. — C.  A.  Bragg,  Louis  Gassier,  E.  E.  Davis,  K.  G.  Gillberg, 
H.  W.  Goode,  A.  E.  Hayes,  W.  C.  Johnson.  W.  J.  Johnston,  B.  E.  Mercil. 
K.  Okamota,  C.  F.  Parker.  C.  L.  Spier,  A.  H.  H.  Trott,  F.  Townsend, 
L.  C.  Whitehouse,  W.  A.  Whittlesey.     Total,  22. 

Dropped  as  delinquent  during  the  year,  129. 

The  average  receipts  and  disbursements  per  capita  for  the  past  seven 
years,  are  shown  in  the  following  table : 

RECEIPTS  AND  DISBURSEMENTS  PER  YEAR  PER  MEMBER. 
During  each  fiscal  year  for  the  past  seven  years. 
Year 1901      1902      1903      1904      1905      1906      1907 

Membership,  Aprfl  30th,  each  year. . .  .    1280      1640     2230     3027      3400     3870     4521 

RECEIPTS  PER  MEMBER: 

Bntrmnce  Fees tO.61  $1.16  $1.50  $1.65  $0.83  $0.75  $0.00 

Dues 8.61  10.06  0.01  0.33  0.30  0.47  8.05 

Transactions.  Sales.  Advertising 1.03  1.54  1.70  2.11  1.70  2.15  1^1 

Badges 18  .26  .35  .30  .28  .27  .30 

Interest 12  .24  .21  .18  .21  .13  .25 

$10.55  $13.26  $12.05  $13.66  $12.32  $12.77  $12.21 

DISBURSEMENTS  PER  MEMBER: 

Transactions $2.83  $3..'iO  $4.67  $3.43  $3.77  $3.33  $2.83 

SaUries 2.49  2.78  2.40  2.50  2.20  2.64  2.53 

Meeting  Expenses,  incl.  Branches. .  .     I.a5  1.13  .87  1.16  .82  .68  .68 

Housing 94  .94  .65  .79  .75  .68  1.33 

Library,  incl.  Rent  and  Salaries 55  1.85  1.38  1.39  .81  .60  1.37 

Postage 46  .51  .60  .66  .66  .58  .50 

Stationery  and  Miscel.  Printing 30  .53  .96  1.0 1  .70  .78  .85 

General  Expenses 33  .59  .52  .45  .54  .29  .43 

Badges 16  .19  .27  -35  .25  .22  .29 

Express 15  .15  .15  .28  .22  .23  .28 

Advertising .36  .30 

Office  Pittmgs .14 

ToUl $0.35  $12.17  $12.65  $12.02  $10.72  $10.48  $11.62 

Credit  Balance  per  Member $1.20     $1.09    $0.30    $1.64    $1.60    $2.29         .50 


LAND.  BUILDING  AND  ENDOWMENT  FUND. 
Rbcbipts. 
Before    appointment    of    Com< 


mittec $     6.100.00 

Collected  by  Committee 123.361.67 

Interest  on  balances 2.910.38 


$132,372.05 


DiSBURSBMBNTS. 

Paid    United  Engineering    So- 
ciety, acct.  Contract $    8.000.00 

Paid    United    Engineering    So- 
ciety, acct.  Mortgage 0.000.00 

Paid    United     Engineering   So- 
ciety, acct.  Interest 10.620.00 

Paid  lor  Fittings  and  Furniture 
of  Engineers'  Building 3,024.04 

Expenses  of  Committee 4,681 .04 

Balance  in  bank  May  1.  1007     06.146.07 

132.372.06 


Notb:— 

Collected  by  Committee,  as  reported  above $123,361.67 

CollecUd  by  Committee  dcp)osited  since  May  1 1.467.50 

Total  collected  by  Committee  as  per  the  Committee's  report 124329.17 
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New  York.  May  20,  1907. 
Dr.  Samuel  Sheldon, 

President  of  the  American  Institute  of  Electrical  Engineers. 
Sir:  Pursuant  to  the  provisions  of  the  Constitution,  the  Committee  on 
Finance  has  during  the  year  exercised  supervision  over  the  financial 
affairs  of  the  Institute.     It  has  considered  all  bills  and  approved  for 
payment  such  as  constituted  a  proper  charge  against  the  Institute. 

It  has  considered  and  reported  upon  sj^ecific  appropriations,  and  has 
made  special  reports  upon  various  matters  referred  to  it  by  the  Board  of 
Directors. 

As  provided  by  the  Constitution,  it  has  employed  an  expert  accountant 

to  audit  and  report  upon  the  accounts  of  the  Institute;  and  this  report 

made  by  Messrs.  Peirce,  Gimson  and  Co.,  certified  public  accountants,  has 

been  approved  by  the  Committee  on  Finance,  and  is  transmitted  herewith. 

Very  truly  yours, 

J.  J.  Carty, 

Chairman  Committee  on  Finance. 

GENERAL  FINANCIAL  STATEMENT. 

Mr.  John  J.  Carty, 

Chairman  Committee  on  Finance. 

Sir:  In  accordance  with  your  instructions,  we  have  audited  the  books 
and  accounts  of  the  American  Institute  of  Electrical  Engineers  for  the 
year  ended  April  30,  1907. 

The  results  of  this  examination  are  presented  in  four  exhibits,  attached 
hereto,  as  follows : 

Exhibit  A.     Balance  sheet  April  30,  1907. 

Exhibit  B.  Receipts  and  disbursements  for  general  purposes  for  year 
ended  April  30.  1907. 

Exhibit  C.     Receipts    and    donations    for   designated    purposes,    also 
expenditures  on  same  for  year  ended  April  30,  1907. 
Exhibit  D.     Condensed  cash  statement. 

We  beg  to  present  attached  hereto  our  certificate  to  the  aforesaid 
exhibits. 

Yours  very  truly, 

Peirce,  Gimson  &  Co., 
Certified  Public  Accountants. 
Mr.  John  J.  Carty, 

Chairman  Committee  on  Finance. 

Dear  Sir: 

Having  audited  the  books  and  accounts  of  the  American  Institute  of 
Electrical  Engineers  for  the  year  ended  April  30,  1907,  we  hereby  certify 
that  the  accompanyirg  Balance  Sheet  is  a  true  exhibit  of  its  financial 
condition  as  of  April  30,  1907,  and  that  the  accompanying  statements  of 
Cash  Receipts  and  Disbursements  are  correct. 

Peirce.  Gimson  &  Co., 

Certified  Public  Accountants. 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 


Exhibit  A. 


Balance    Sheet  April  30,   1907. 


ASSBTS. 

Cash: 

Land.  Building  and 

Endowment  tund 

$96,146.07 

Carnage     (Library) 

f  iind 

3.529.60 

General   Library 

tund 

237.00 

Compounded    Mem- 

bmhip  fund   and 

Interest 

5.465.34 

*Maiiloux  fund 

1.007.55 

International    Elec- 

trical Congress  of 

St.    Louis.     1904, 

Library  fund 

2.140.10 

tl08.525.66 

^General     cash     in 

bank 

17.624.24 

Secretary's        petty 
cash  on  hand .... 

500.00 

^$126,649  90 

United  States  Gov- 

emment  Bonds  3s, 

1918 

8.000.00 

Premium  on  Bonds. 

320.00 

Equity   in    Societies 

Building  (25  to  33 

West  30th  Street)  350.000.00 
One-third     cost     of 

land     (25    to    33 

West  39th  Street)  180.000.00 

Library  volumes  and 

fixtures 24.174.76 

Transactions 4.352.75 

Office  furniture  and 

fixtures 5.114.30 

Works  of  art.  paint- 
ings, etc 2.300.00 

Badges 210.25 

Accounts  Rbceivablk: 

Members     for     past 

dues 8,966.60 

Members  for  en- 
trance fees 295.00 


8.320.00 


530.000.00 


36.152.06 


9.261.60 

Miscellaneous ^  J5'SS 

Subscriptions 24.90 

For  advertising 1 .661 .47 


11.093.57 


United  Engineering  Society, 
assessment,  advance  pay- 
ment May  and  June 2.222.22 

ToUl  Assets 714.437.76 

•The  Farmers'  Loan  and  Trust  Co.  de- 
posit account  includes  $7.55  of  the  Mailloux 
Fund. 


LlABILlTlBS  AND  SURPLUS. 

Land.  Building  and 


Funds: 

Building  am 

Endowment  Fund  $96,146.07 


Carnegie     (Library) 

Fund 3,529.60 

General  Library 
Fund 

Compounded  Mem- 
bership Pimd  and 
interest 

Mailloux  Fimd 

International  Elec- 
trical Congress  of 
St.  Louis.  1904. 
Library  Fund 


237.00 


5.465.34 
1.007.55 


Reserve  fund  (U.  S. 

Govt.  Bonds) 

Total 

United  Engineering 
Society  (for  cost 
of  land) 


2.140.10 
$108,525.66 


8.820.00 


4U6.845.66 
171.000.00 


ToUl  liabilities $287,845.60 

Surplus: 

In  cash $18,124.24 

In  property  and  ac- 
counts receivable.   408.467.85 

426.592.09 


Total    liabilities    and    sur- 
plus  $714,437.76 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS. 

Rbcbipts   and  Disbursbmbnts   por  Gbnbral   Purposbs   por  Ybar 
Endbd  April  30,  1907. 


Exhibit  B. 

Rbcbipts. 

Entrance  Pees t4.075.00 

Current  Dues 35,053.25 

Past  Dues 2.310.00 

Advance  Dues 219.00 

Students'  Dues 2.256.00 

Transfer  Fees 305.00 

Badges 1.367.50 

Sales.  Transactions 015.07 

Subscriptions.  Proceed- 
ings   661.98 

Advertising 5.597.35 

Binding 89.80 

Exchange 14.59 

Iktbrbst: 

U.  S.  Govt.  Bonds.  240.00 

Bank  Balances. . .  .  865.10 

Royalty 239.75 

Sundries  (refund) 13.32 

Insurance  Rebates 22.13 

Rent  (sub-tenant) 250.00 


<46.275.75 


8.909.09 


Total $55,184.84 


DiSBUBSBMBim. 
Stationery  and  Printin8$3,830.80 

Postage 2.660.83 

General  Expenses 1 .972.26 

Meeting  Expenses 1.861.18 

Branch  Meetings 1.196.96 

Badges 1.354.30 

Salaries 9.407.40 

Rent 2.645.04 

Office  Furniture 652.39 

$26,690.11 

PROCBBDINGS — ^TRAlTSACTtOIIS: 

Printing 6.624.79 

Salary 2.000.00 

Engraving 1.446.97. 

Volumes 3.299.32 

Electrotyping 689.29 

Binding 704.79 

Express 1.272.76 

Advertising     Com- 
missions    1.380.00 

$17,417.92 

Library: 

Rent 1.476.04 

Librarian  salaries. .  887.20 
Library  Insurance.  106.35 
MiscelUneoua 395.66 

2.864.36 

United  Engineering  Society 6.666.66 

Total $52,538.94 

Excess    receipts    over    disburse- 
menu  deposited  in  general  fund    2.645.90 

$66,184.84 
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Rbcbipts  and  Donations  for  Designated  Purposes  also  Expbndi- 

TURBS  FOR  Year  Ended  April  30.  1907. 

Exhibit  C. 

Rbcbipts. 

Land.  Building  and  Endowment  fund.  Donations.  Interest,  etc $87,062.46 

Carnegie  (Library)  Fund.  Interest 119.06 

General  Library  Ftmd.  Interest 7.08 

Life  Memberthip  Fund. . . .  .^ 578.37 

International  Electrical  Congress  of  St.  Louis.  1904.  Library  Fund 73.04 

Mailloux  Fund.  Interest 30.00 

Total  $37,870.08 

EXPB.NDITURBS. 

Land.  Buflding  and  Endowment  Pimd $21,617.01 

Carnegie  (Library)  Fund 641.86 

General  Library  Fund 2.64 

Mailloux  Fund 23.20 

Total  Expenditures $22,184.70 

Deposited  to  credit  of  their  respective  ftmd  accounts 16.686 J$ 

Total $$7,870.09 
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Condensed  Cash  Statement. 
Exhibit  D. 

CMh  on  (topcMit  April  30th.  1906 $107,818.67 

SecrtUry's  petty  cash  April  30th.  1906 500.00 

$108,318.67 

Receipts  for  general  purposes.  Exhibit  "  B  " &5.184.84 

ReceipU  for  designated  purposes.  Exhibit  "  C  " 37.870.03 

$201,373.54 

Disbttxiements  for  general  purposes.  Exhibit  "  B  " $52,538.04 

Expenditures  for  designated  purposes.  Exhibit  "  C  " 22,184.70 

$74,723.64 

Balance  on  hand  April  30th.  1907 $126,640.90 

On  deposit  for  designated  purposes.  Exhibit  "  A  " $106,525.66 

On  depoeit  for  general  purposes.  Exhibit  "  A  " 17.624.24 

SecreUry's  petty  cash.  Exhibit  "  A  " 500.00 

$126,649.90 

PROPERTY  ACQUIRED  DURING  THE  YEAR. 
(Reported  as  directed  by  the  Constitution.) 

Office  Furniture  and  Fixtures $4328.86 

Library  Books  and  Binding 500.00 

Engineering  Societies  Building.  Eijuity 350.000.00 

All  outstanding  bills  rendered   prior  to   May   1st,    1907,   have    been 
paid. 

Respectfully  submitted  for  tbe  Board  of  Directors. 

Ralph  W.  Popb.  Secretary. 
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Report  op  Library  Committee 

In  accordance  with  the  provisions  of  the  Constitution,  we  present  the 
following  report  of  the  more  important  features  of  history  of  the  Library 
of  the  Institute  for  the  year  ending  April  30,  1907;  the  present  condition 
of  the  several  funds  from  which  the  support  of  the  Library  is  directly 
derived;  its  present  status  as  one  of  the  associated  libraries  in  the  new 
Engineering  Societies  Building;  and  plans  for  the  future. 

Recent  Slow  Growth  , 

During  the  past  four  years  the  overshadowing  activity  in  securing  by 
subscription  the  fund  to  purchase  the  land  for  the  new  building,  and 
the  labor  attending  its  construction  and  equipment  have  naturally  and 
properly  occupied  the  minds  and  time  of  the  active  members  of  the 
Institute  to  an  extent  which  has  prevented  such  rapid  progress  of  the 
Library  as  was  recorded  in  the  report  of  May  1,  1903. 

It  should,  however,  be  noted  that  even  under  these  unusual  circum- 
stances and  amid  these  extraordinary  calls  upon  the  interest  and  resources 
of  the  members  and  friends  of  the  Institute,  the  Library  has  in  the  past 
four  years  increased  in  number  of  volumes  (not  including  duplicates) 
from  7727  to  10577,  a  gain  of  2850  volumes;  and  in  valuation  of  volumes 
from  $16211.10  to  $21726.47,  a  gain  of  $5515.37.  This  increase  of  over 
35  per  cent,  in  number  of  volumes  is  gratifying  as  indicating  what  may 
hereafter  be  accomplished  now  that  the  Library  has  a  permanent  fire- 
proof home,  offers  greatly  increased  conveniences,  and  is  in  other  ways 
richly  deserving  of  the  cordial  support  of  a  rapidly  growing  number  of 
members  and  friends  of  the  Institute. 

Gifts  op  Books 

During  the  past  year  Mr.  Edward  D.  Adams  has  once  more  illustrated 
the  practical  value  of  his  support  of  the  Institute  Library  by  contrib- 
uting a  collection  of  about  200  scientific  books,  a  list  of  which  appeared 
in  the  October  issue  of  the  Proceedings. 

Similarly,  the  McGraw  Publishing  Company  has  donated  about  25 
of  its  recent  publications,  which  supply  in  part  the  serious  need  of  the 
latest  editions  of  electrical  text-books,  and  new  publications  of  the 
same  character.  The  same  Company  has  also  turned  over  to  the  In- 
stitute a  large  collection  of  unbound  electrical  patents  issued  in  this 
country  during  the  past  15  or  20  years. 

Another  and  very  complete  collection  of  United  States  electrical 
patents  issued  from  the  early  years  down  to  about  1904  has  just  been 
donated  by  Messrs.  Dyer  and  Dyer.     This  will  prove  specially  important 
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in  the  equipment  of  the  headquarters  of  some   progressive   Institute 
Branch. 
The  complete  list  of  donors  for  the  year  is  as  follows: 


ADAMS,  E.  D. 

ALLBGEMBINB  ELEKTRICITATS  GESELL- 
SCHAPT 

ALLEN,  W.  F. 

AMERICAN  RAILWAY  ASSOCIATION 

CANPIELD,  DR.  JAMES  W. 

CARROLL,  WM. 

CARTV,  J.  J. 

M.  LE  DIRECTEUR  CONSERVATEUR  NAT- 
UREL  DES  ARTS  ET  VIETIERS 

CROCKER,  P.  B. 

DUNBAR,  JAMES  W. 

DYER  AND  DYER 

l'bclairage  BLECTRIQUE 

GERARD,   LEON 

GAUTHIER,  VILARS 

HAMACEK,  ADOLPH  K. 

HAMMOND,  ROBERT 

INSTITUTION  OP   ELECTRICAL  ENGI- 
NEERS 

JBNKS,  W.  J. 

LIBRARY  OF  CONGRESS 


MCGRAW  PUBLISHING  CO. 

MARTIN,  T.  C. 

MASS.  BOARD  OP  GAS  AND  ELECTRIC 

LIGHT  COMMISSIONERS 
MULOCK,  SIR  WM. 
NEW     YORK    CITY    COMMISSION     ON 

ELECTRIC  LIGHT 
PEDERSON,  P.  M. 
PLASS,  J. 
RIES,   E.  E. 

ROBERTSON,   LESLIE  S. 
ROSENTHAL,  S.  W. 
oHELDON,   DR.  SAMUEL 
bHBPARDSON,   PROF.  GEO.  D. 
SOCIETY  OF  ARTS 
dWENSON,   BERNARD   V. 
TALBOTT,   FRANK 
TALTAVALL,  T.  R. 
VAIL,  J.   H. 
WARD,  GEO.  G. 
WEAVER,  WM.  D. 
WHEELER,  SCHUYLBRS. 


STATISTICS  OF  LIBRARY.  MAY  1.  1907. 


Source 


Titles 


Vol- 
umes 


Pam- 
phlets 


Valuation 


Report  of  May  1.  1906 

Purchahbb: 

Carnegie  Fund 

Donation  Fund 

Mailloux  Fund 

Institute  Appropriation 

Periodicals 

GtPTs: 

Edward  D.  Adams 

McGmw  Publishing  Co. 

Miscellaneous 

Gross  Totals.  May  1.  1907.. 
Duplicates 

Net  Totals.  May  1.  1907.... 


7400 


7 

4 

3 

25 

162 
23 
25 


7649 
308 


7341 


10717 


18 
6 
6 

58 

300 
23 
58 


515 


50 


$22,069.31 


22.45 

23.20 

26.00 

116.00 

168.00 
41.25 
85.00 


11183 
609 


565 


$22,551.21 
824.74 


10577 


565 


$21.726.<47 


In  the  following  table  of  total  valuation  of  the  Library,  May  1,  1907, 
the  furniture  and  cases  are  those  brought  from  the  old  offices  at  95  Lib- 
erty street,  no  account  being  included  of  the  new  furniture,  stacks,  etc,. 
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provided  as  a  part  of  the  initial  equipment  of  the  £ngineering  Societies 

Building: 

Total  Valuation 

Books $22.551 .21 

Stacks 1.470.25 

Furnilure,  catalogues,  cases,  etc 206 .  28 

S24.22Q.74 

The  following  tabulations  give  the  state  of  the  four  funds  from  which 
the  Library  Committee  is  entitled  to  draw : 

Donations  (General  Library  Fund) 
Dr.  Cr. 

Balance  May  1.  1906 $232.56  Purchase  of  books $     2.64 

Interest  May  1.  1907 7.08  Unexpended 237.00 


$239.64  $239.64 


Carnbgib  Fund 
Dr.  Cr. 

Balance  May  1.  1906 $3952.37  Wheeler  Bibliography $  541  85 

Interest  May  1.  1907 119.08  Unexpended 3529.60 


$4071.45  $4071.45 


MAiLLorx  Endowmbnt  Futtd      ($1,000) 
(Proceeds  for  the  maintenance  of  certain  sets  of  periodical  publications) 
Dr.  Cr. 

Balance  May  1.  1906 $     .75  Subscription $23.20 

Interest  May  1.  1907 30.00  Unexpended 7.55 


$30.75  $30.75 


International  Elec.  Congress  of  St.  Louis.  1904,  Fund      ($2,140.10.) 
(Proceeds  for  the  purchase  of  international  electrical  literature) 
Dr.                                                                                       Cr. 
May  1.  1907 $12.54  Unexpended $42.54 


In  conformity  with  Section  33  of  the  By-laws,  this  Committee  sub- 
mitted to  the  Board  of  Directors  at  its  meeting  of  October  last  an  esti- 
mate of  requirements  for  the  year  commencing  Nov.  1,  1906.  The 
appropriation  which  resulted  is  stated  below.  Pursuant  to  Section  37, 
the  expenses  for  the  year  commencing  May  1,  1906,  are  stated  on  the 
other  side  of  the  account.  This  is  in  accordance  with  the  method  pur- 
sued in  prior  reports  of  this  Committee  although  the  actual  unexpended 
balance  of  the  present  appropriation  year,  remaining  after  six  months 
of  operation  to  the  credit  of  this  Committee,  with  which  to  meet  bills 
not  yet  received  and  the  expenses  of  the  coming  six  months  beginning 
May  1,  1907,  is  $1582.14  instead  of  the  amount  represented  by  the  ap- 
parently unexpended  balance  for  the  year  ending  April  30,  found  in 
the  appended  statement. 

The  charge  for  rent  is  calculated  for  the  past  year  at  the  rate  paid  by 
the  Library  at  the  former  quarters,  from  which  removal  took  place 
about  Feb.  1.  1907. 
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Institute  Appropriation  Account 
Dr.  Cr. 

Appropriation  for  Maintenance  for  Rent $1475 .04 

year  ending  October  31,  1907.  .$3303.00          Insurance 106.35 

Salary.  Librarian 713 .20 

Assistant 174.00 

Building 135.06 

Supplies.- 7-»5 

Subscriptions 26.00 

Express  and  Postage 8 .80 

Books 27.73 

Fixtures 73.08 

Miscellaneous 117.05 

Unexpended 498.75 

$3363.00  $33C3.00 

The  Most  Urgent  Need 
is  that  of  modem  text-books  to  meet  the  everyday  necessities  of  the 
patrons  of  the  Library.  Only  a  moderate  percentage  of  the  standard 
works  of  the  past  twenty-five  years  are  now  on  our  shelves.  A  notable 
opportunity  is  now  presented  to  some  member  or  friend  of  the  Institute, 
or  several  acting  together,  to  contribute  a  relatively  moderate  amount 
for  this  special  object,  which  has  never  before  assumed  anything  like 
its  present  importance;  particularly  in  view  of  the  fact  that  the  use  of 
this  Library  is  now  offered  to  the  public  and  to  nearly  10,000  members 
of  the  two  founder  societies  which  have  now  become  associates  of  the 
Institute  in  the  new  headquarters,  as  will  be  explained  more  in  detail 
at  the  end  of  this  report. 

Bibliography  op  the  Wheeler  Gipt 
The  work  of  digesting  the  entire  Wheeler  Gift  and  preparing  the 
Bibliography  for  the  printer,  which  has  been  progressing  for  five  years 
in  the  hands  of  Brother  Potamian,  is  still  going  forward  under  the  man- 
agement of  W.  D.  Weaver,  who  was  appointed  this  year  a  special  com- 
mittee to  complete  the  task  to  which  he  has  given  so  much  time  and 
thought  since  Past-president  Wheeler  presented  the  collection  to  the  In- 
stitute. Thus  the  loss  which  was  felt  in  Mr.  Weaver's  resignation  of 
leadership  in  Library  affairs,  after  so  many  years  of  most  painstaking 
labor,  often  at  great  personal  inconvenience  and  always  marked  with 
characteristic  grasp  of  detail  and  assumption  of  the  entire  load  of  com- 
mittee responsibility,  has  been  mitigated  by  his  willingness  to  retain 
the  direction  of  this  important  publication,  for  which  funds  were  pro- 
vided by  Mr.  Carnegie.  Instead  of  being  restricted  to  the  1400  mem- 
bers who  formed  the  Institute  in  1901,  this  octavo  volume  of  probably 
500  pages,  affording  annotations  to  all  of  the  more  important  books 
and  pamphlets  in  the  collection,  will  be  offered,  during  the  coming  fiscal 
year,  to  about  4500  members  who  make  up  the  Institute  of  to-day; 
while  many  Libraries,  scientists  and  engineers  outside  the  Institute 
will  doubtless  secure  copies  at  some  reasonable  price. 

Historical  Museum 
This  is  a  new  development  naturally  closely  affiliated  with  the  Library 
and  merging  into  it  by  insensible  degrees. 

The  first  effective  effort  in  this  direction  was  made  by  Past -president 
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Wheeler  shortly  before  his  retirement  from  office  last  year,  by  enlisting 
the  S)mipathetic  cooperation  of  Mr.  Edward  D.  Adams  and  then  securing 
the  adoption  by  the  Board  of  Directors,  of  a  general  resolution,  followed 
in  January  by  a  more  specific  authorization  best  expressed  in  the  lan- 
guage of  the  resolutions  then  adopted: 

"  Rbsolvbd.  That  the  Library  Committee  is  hereby  authorized  to  accept  on  behalf 
of  the  Institute,  donations  of  original  apparatus,  models,  photographs,  manuscripts 
printed  documents,  and  similar  exhibiu.  suitable  for  a  museum  of  historical  electrical 
material;  also  to  accept  the  loan  of  material  of  the  same  general  character  which  cannot 
be  secured  by  gift. 

'•  Rbsolvbd.  That  each  donation  or  loan  accepted  under  the  foregoing  resolution  shall 
be  acknowledged  by  the  Chairman  of  the  Library  Committee,  specifying  the  articles  re- 
cei/ed  in  sufficient  detail  to  ensure  subsequent  identification,  and  reciting  the  conditions 
of  gift  or  loan  and  accepUnce." 

The  Board  also  appropriated  $200  for  the  purchase  of  such  cases, 
frames,  etc.,  as  might  be  desirable  for  making  a  start  in  this  direction. 

The  first  donation,  by  Mr.  Adams,  was  an  elaborate  and  costly  model, 
some  four  feet  in  length,  of  the  high-speed  three-phase  electric  railway 
motor  car  which  was  operated  on  the  Berlin-Zossen  Railway,  in  1903, 
at  a  speed  of  more  than  150  kilometres  per  hour.  Offers  of  early  lamps, 
dynamos,  regulators,  etc.,  have  been  made  by  Messrs.  James  J.  Wood 
of  Fort  Wayne,  W.  S.  Andrews  of  Schenectady,  A.  J.  Wurts  of  Pittsburg, 
Rudolph  M.  Hunter  of  Philadelphia,  and  a  few  others. 

The  Committee  now  invites  correspondence  regarding  original  relics, 
of  the  general  character  specified  by  the  resolutions,  which  can  be  iden- 
tified as  genuine,  and  having  a  well-authenticated  history;  in  other 
words,  ••  first  things  "  in  electrical  apparatus,  pictures  and  manuscripts. 
It  is  not  desired  to  secure  models  or  papers  simply  because  they  are 
old.  To  adopt  such  a  course  would  evidently  result  principally  in  es- 
tablishing an  electrical  junk-shop.  The  purpose  is  to  place  the  Museum 
at  the  outset  on  a  high  plane  of  excellence,  by  judicious  selection  of 
available  material  even  though  the  collection  grow  slowly;  by  the  ex- 
ercise of  special  diligence  in  gathering  and  displaying  information  as  to 
the  detail  of  history  which  each  exhibit  represents;  and  by  the  pro- 
vision of  adequate  protection  during  many  years  to  come  for  each  ac- 
cepted article.  Thus  the  conditions  of  security,  permanency,  and  ac- 
cessibility which  invite  contributions  to  the  Library  will  equally  encourage 
similar  donations  to  the  Museum. 

Each  article  or  group  accepted  will  bear  the  name  of  the  donor,  and  a 
careful  registry  will  be  kept  of  the  conditions,  if  any,  under  which  it  has 
been  contributed;  to  the  end  that  the  wishes  of  the  donor  regarding  it 
may  be  kept  in  mind  and  respected  by  the  Institute,  in  general  accord- 
ance with  the  methods  pursued  in  the  case  of  articles  donated  to  other 
corporate  bodies,  such  as  the  Metropolitan  Museum  of  Art. 

SUB-COMMITTBES 

The  unusual  number  and  importance  of  the  tasks  devolving  upon  this 
Committee  this  past  year  have  been  lightened  by  a  division  of  labor  indi- 
cated by  the  duties  of    four  sub-committees,  as  follows: 

(1)  Purchase  of  furniture  and  floor  covering  for  Institute  offices: 
Edward  Caldwell,  Frank  N.  Waterman. 
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(2)  Library  subscriptions,  purchases  and  donations:  Edward  Caldwell. 
C.  A.  Terry. 

(3)  Increased  Library  utility:  Professor  Charles  P.  Chandler,  C.  A. 
Terry. 

(4)  Historical  Museum:  F.  N.  Waterman,  W.  J.  Jenks. 

Much  consideration  has  been  and  will  be  given  to  devising  and  putting 
into  practice  plans  for  enabling  members  at  a  distance,  who  cannot 
consult  this  Library  in  person,  to  secure  many  benefits  from  a  liberal 
equipment  and  maintenance.  It  is  proposed  to  offer  facilities  for  get- 
ting certified  excerpts  from  rare  volumes,  photographs  of  pages  and 
diagrams,  or  translations  from  several  foreign  languages,  all  at  a  mod- 
erate charge;  also  to  loan  duplicate  volumes  under  suitable  restrictions. 
Correspondence  is  especially  invited  on  this  question  of  "  increased 
Library  utility." 

Removal  to  Permanent  Quarters 

The  completion  and  opening  about  January  1  of  the  new  Engineering 
Societies  Building,  with  its  two  spacious  and  convenient  floors  devoted 
respectively  to  reading  room  and  stack  room  accommodations  for  the 
assembled  libraries  of  the  three  founder  societies,  invited  speedy  re- 
moval from  the  extremely  contracted  and  inadequate  quarters  at  95 
Liberty  street.  This  was  accomplished  in  February  without  the  loss 
or  injury  of  a  single  volume  belonging  to  the  Institute  Library.  The 
transfer  of  the  stacks  to  their  permanent  location  necessitated  entire 
rearrangement  and  a  different  system  of  mechanical  support.  Thus 
this  transfer  required  much  more  time  than  the  mere  moving  of  the  books, 
but  everything  was  completed  and  the  books  carefully  arranged  early  in 
April,  and  our  section  of  the  comfortable  and  well-lighted  stack-room 
has  been  made  fully  available. 

The  Associated  Libraries 

Thus  far  this  report  has  dealt  with  the  Electrical  Engineers'  Librar>^  as 
an  institution  by  itself.  There  remain  to  be  c<jnsidered  its  relations  to 
its  newly  associated  libraries,  and  changes  in  administration  which  are 
required  in  consequence. 

The  formal  dedication  of  the  building,  April  16  and  17,  found  the  three 
libraries  of  the  founder  societies  occupying  their  permanent  home  in 
cooperative  arnmgement,  offering  to  the  student  an  aggregate  of  about 
35,000  volumes  at  the  outset,  each  section  in  charge  of  its  own  librarian, 
but  open  primarily  to  any  one  of  the  15,000  members  of  all  the  separate 
societies,  and  incidentally  to  engineering  readers  generally,  outside  the 
fraternity. 

The  books  of  the  Institute  now  occupy  exclusively  two  sections  or 
alcoves  of  the  reading  room,  and  also,  jointly  with  the  other  societies, 
two  other  alcoves;  thus  displaying  cm  the  thirteenth  floor  about  one-third 
of  its  volumes.  The  main  lx)dy  of  the  ancient  treasures  of  the  Wheeler 
Gift,  Latimer-Clark  Collection,  is  suitably  and  securely  housed  in  glass- 
front  wire-protected  cases  in  the  stack-room,  a  few  of  the  most  precious 
books  being  displayed  to  the  visitor  in  locked  show-cases,  with  explanatory 
cards  across  the  open  pages.     It  is  the  purpose  of  the  Committee  to  in- 
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crease  the  number  of  these  valuable  volumes  thus  shown,  as  soon  as 
permanent  show-cases  can  be  made. 

By  authorization  of  the  Board  of  Directors  of  each  of  the  three  founder 
societies,  the  chairmen  of  their  respective  Library  Committees  arc 
empowered  to  meet  in  conference  and  jointly  direct  the  mutual  relations 
which  now  exist.  Messrs.  Raymond  of  the  Mining  Engineers,  Suplee  of 
the  Mechanical  Engineers,  and  the  Chairman  of  this  Committee  have  thus 
conferred  and  agreed  upon  several  tentative  conditions  of  cooperative 
action  and  rules  of  administration.  Of  these  the  following  are  of  general 
interest  : 

"  That  no  questions  shall  be  decided  by  majority  votes  of  the  three  representativee  of 
the  three  societies,  but  that  all  decisions  mus".  be  unanimous  in  order  to  become  effective; 
dissent  on  the  part  of  any  one  representative  being  sufficient  to  require  a  reference  to  the 
respective  library  committees,  and  ultimately  if  necessary,  to  the  governing  bodies  dt 
the  respective  societies,  excepting  as  to  matters  regarding  which  the  regular  single  repre- 
sentative is  clothed  with  full  powers. 

"  That  for  the  present,  all  consideration  of  the  question  of  a  new  organization  for  the 
administration  of  the  three  libraries,  or  of  the  appointment  of  any  additional  or  general 
librarian,  shall  be  postponed. 

"  That  the  present  arrangement,  under  which  the  three  present  society  librarians 
administer  the  three  libraries,  each  under  the  supervision  of  her  authorized  society- rep- 
resentative, and  in  mutual  cooperation  as  to  matters  of  common  interest  or  necessity, 
be  continued. 

"  That  the  Reading  Room  be  open  on  all  week-days,  from  0  a.m.  to  5  p.m.  Only  mem- 
bers of  the  three  founder  societies,  and  others  duly  introduced  by  the  Secretary  or  other 
authorized  oflicer  of  one  of  the  societies,  will  be  permitted  access  to  the  alcoves  or  other 
spaces  inside  the  rail. 

"  That  for  the  protection  and  convenience  o(  members,  the  Secretary  of  each  society, 
will,  upon  application,  issue  to  any  member  ot  his  society  in  good  standing  a  personal, 
non-transferable  card,  entitling  him  to  the  use  ot  the  hbranes  m  the  alcoves  of  the  Reading 
Room.  This  card  must  be  signed  by  the  person  receiving  it.  and  surrendered  at  the  desk 
at  the  time  of  its  presentation.  At  every  visit  he  must  identity  himself  by  signing  his 
name  in  the  registry. 

"  That  non-members  may,  in  the  two  outer  alcoves,  receive  and  consult  books  for  which 
they  call  at  the  desk;  or  they  may.  on  similar  ppplication  to  one  of  the  secretaries,  secure 
sp«    lal  cards  admitting  them  to  the  inner  alcoves  under  similar  restrictions. 

"  The  librarians  shall  have  no  discretion  in  the  matter  of  allowing  any  catalogued 
pamphlet  or  volume  to  be  taken  from  either  ot  the  libraries  for  any  purpose,  but  shall 
decline  to  permit  any  such  loan  unless  authorized  in  writing  so  to  do  by  the  Chairman 
ot  the  Committee  or  the  Secretary  ot  the  society  to  which  the  pamphlet  or  volume  be- 
longs. But  a  duplicate  may  be  thus  loaned  at  the  discretion  of  the  Librarian  directly 
responsible." 

Librarians  and  Special  Services 

The  resignation  of  Miss  Josephine  T.  Bragg  after  several  years  of  ser- 
vice as  Librarian,  resulted  in  the  engagement  of  Miss  Jessie  R.  Hammett 
of  Brooklyn,  who  began  her  work  about  the  first  of  January  and  has 
made  many  friends  by  her  diligence  in  personal  effort  to  bring  about  the 
transfer  of  the  Library  with  the  least  possible  interruption  of  its  avail- 
ability, her  enthusiasm  in  formulating  new  methods  to  adapt  it  to  its 
new  surroundings  and  increase  its  usefulness,  and  the  readiness  with 
which  she  has  become  acquainted  with  its  frequenters  and  their  necessi- 
ties. Thus  far  an  assistant,  Miss  Gladys  Byrd,  has  been  employed  to 
expedite  the  completion  of  new  arrangements. 

The  thanks  of  the  Committee  are  due  to  Charles  L.  Clarke,  one  of  our 
members,  who  has  made  valuable  contributions  to  the  plans  for  enlarge- 
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mentp  radical  rearrangement,  and  protection  of  the  books  during  the 
transition  period,  and  has  served  as  secretary  of  the  Committee  and 
otherwise  frequently  assisted  the  members  of  the  Committee,  particu- 
larly in  the  work  of  furnishing  the  business  offices  of  the  Institute  on 
the  tenth  floor,  with  which  special  duty  the  Committee  was  entrusted 
by  the  Board  of  Directors  early  in  the  present  Institute  year,  in  prepara- 
tion for  the  occupancy  which  was  fully  accomplished  shortly  before  the 
formal  dedication. 

Of  the  $4000  appropriated  for  these  furnishings,  the  Comniittee 
expended  $1195.81  for  carpets,  linoleum  and  other  floor  coverings,  and 
$2614.41  for  furniture  of  the  office,  reception,  editorial,  stenographers*, 
and  Board  rooms;  thus  leaving  a  balance  now  standing  unexpended  of 
$189.78. 

Respectfully  submitted 

The  Library  Committee 

Chas.  F.  Chandler 
Chas.  a.  Terry 
Edward  Caldwell 
Prank  N.  Waterman 
W.  J.  Jenks.    Chairman. 
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CONSTITUTION. 

OF  THE 

AMERICAN  INSTITUTE   OF    ELECTRICAL   ENGINEERS 

[Incorporated  March  16,  1896.J 

[AdopUd  May  13,  1884.  fAmended  Decembers, 
1885,  September  27,  1892,  May  16,  1894, 
March  16, 1896,  Ma>'21, 1901,  attd  May21, 1907.] 


ARTICLE  I. 


1.  The  name  of  this  association  is  the  American  Institute 
OF  Electrical  Engineers. 

2.  Its  objects  shall  be  the  advancement  of  the  theory  and 
practice  of  Electrical  Engineering  and  of  the  allied  Arts  and 
Sciences  and  the  maintenance  of  a  high  professional  standing 
among  its  members.  Among  the  means  to  this  end  shall  be 
the  holding  of  meetings  for  the  reading  and  discussion  of  pro- 
fessional papers  and  the  publication  of  such  papers,  discus- 
sions and  communications  as  may  seem  expedient. 

ARTICLE  II. 

Membership. 

;^.  The  membership  of  the  Institute  shall  consist  of  Honorary 
Members,  Members  and  Associates.  Members  and  Associates 
shall  be  equally  entitled  to  all  the  rights  and  privileges  of  the 
Institute,  excepting  that  Members  only  shall  be  eligible 
to  the  offices  of  President  and  Vice-President,  and  shall  be 
entitled  to  a  diploma.  Honorary  Members  shall  be  entitled 
to  all  the  rights  and  privileges  of  the  Institute,  except  the 
right  to  vote  for  officers  and  to  hold  office. 

4.  A  Member  shall  be  not  less  than  twenty-seven  years  of 
age  and  shall  be : 

a.  A  Professional  Electrical  Engineer;  or 

b.  A  Professor  of  Electrical  Engineering;  or 
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c.  A  person  who  has  done  important  original  work  of  recog- 
nized value  to  electrical  science;  or 

d.  A  person  duly  qualified  as  an  engineer  in  an  allied  branch 
of  engineering,  and  who,  for  a  period  of  two  years,  has  had 
responsible  charge  of  electrical  engineering  work  and  whose 
professional  record  indicates  that  he  is  competent  to  design,  as 
well  as  direct,  electrical  engineering  works. 

5.  To  be  eligible  to  the  grade  of  Member  as  a  professional  Elec- 
trical Engineer,  the  applicant  shall  have  been  in  the  active  practice 
of  his  profession  for  at  least  five  years;  he  shall  have  had  re- 
sponsible charge  of  work  for  at  least  two  years,  and  shall  be 
qualified  to  design  as  well  as  direct  electrical  engineering  works. 
Graduation  from  a  School  of  Engineering  of  recognized  standing 
shall  be  considered  the  equivalent  of  one  year's  active  practice. 

6.  To  be  eligible  to  the  grade  of  Member  as  Professor  of  Elec- 
trical Engineering,  the  applicant  shall  have  been  in  responsible 
charge  of  a  course  of  Electrical  Engineerings  at  a  college  or 
technical  school  of  recognized  standing,  for  a  period  of  at  least 
two  years. 

7.  An  Associate  shall  be  a  person  not  less  than  twenty-one 
years  of  age  who  is  interested  in,  or  connected  with,  the  study 
or  application  of  electricity. 

8.  Honorary  Members  may  be  chosen  from  among  those  who 
have  rendered  acknowledged  eminent  service  to  electrical  en- 
gineering or  its  allied  sciences. 

ARTICLE  III. 
Admission,  Transfer  and  Expulsion  op  Members. 

9.  Honorary  Members  shall  be  proposed  in  writing  by  at  least 
ten  Members,  and  may  be  elected  only  by  the  tmanimous  vote 
of  the  Board  of  Directors,  a  ballot  in  writing  to  be  forwarded 
by  members  absent  from  the  Directors'  meeting.  The  election 
of  an  Honorary  Member  shall  be  deemed  invalid  if  an  accept- 
ance is  not  received  within  six  months  after  the  date  of  his 
election, 

10.  All  applications  for  admission  to  the  Institute  shall 
be  made  for  the  grade  of  Associate,  in  a  form  prescribed  by 
the  Board  of  Directors,  and  shall  refer  to  at  least  three  (3) 
Members  or  Associates,  In  applying  for  admission  to  the 
Institute  as  Associate,  any  person  may  also  apply  at  the  same 
time  for  immediate  transfer  to  the  grade  of  Member     Such 
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application  for  transfer  may  also  be  made  at  any  time  subse- 
quent to  election  as  Associate. 

11.  An  application  for  transfer  from  the  grade  of  Asrociate 
to  that  of  Member  shall  be  made  in  a  form  prescribed  by  the 
Board  of  Directors,  and  shall  embody  a  full  record  of  the  general 
technical  education  of  the  candidate  and  of  his  professional 
career.  It  shall  be  signed  by  the  applicant  and  shall  refer  to  at 
least  five  Members  who  know  him  personally  and  are  familiar  with 
his  work.  Each  of  these  references  shall  be  requested  by  the 
Secretary  to  fill  out  a  prescribed  confidential  form,  to  be  addressed 
to  the  Board  of  Directors.  No  such  appUcations  for  transfer 
shall  be  considered  imtil  at  least  five  favorable  replies  have 
been  received.  The  Board  of  Directors,  or  the  Board  of  Ex- 
aminers, in  the  event  of  failure  of  replies  or  receipt  of  un- 
favorable replies,  may  call  upon  the  applicant  to  furnish  addi- 
tional names.  Should  an  applicant  for  transfer  certify  that  he 
is  not  personally  known  by  five  Members,  the  Board  of  Ex- 
aminers may  accept,  for  the  deficiency,  references  to  professional 
engineers  of  standing.  ^  ,„^ 

12.  The  reference  to  Members  to  whom  an  applicant  is  person- 
ally known  may  be  waived  in  case  of  foreign  applications;  but 
the  applicant  shall  in  that  case  refer  to  at^  least  two  pro- 
fessional engineers  of  recognized  standing. 

13.  The  Secretary  shall  issue  at  stated  intervals  to  each 
Member  and  Associate  whose  address  is  known,  a  list  of  new 
applications  for  admission  to  the  Institute,  with  the  request 
that  the  Members  and  Associates  make  written  commimication 
to  the  Board  of  Directors,  in  case  of  objection  to  any  of  the 
candidates  named.  The  Board  of  Directors  shall  not  act  upon 
any  name  until  at  least  twenty  days  after  the  date  of  issue  of 
said  list. 

14.  All  elections  as  Associates,  and  transfers  to  the  grade  of 
Membership,  shall  be  by  vote  of  the  Board  of  Directors ;  two 
negative  votes  shall  exclude  a  candidate. 

15.  The  Board  of  Directors  may  refuse  to  elect  or  transfer 
any  applicant  whose  character,  reputation  or  professional  con- 
duct would  make  him,  in  the  opinion  of  the  Board  of  Directors, 
an  undesirable  member. 

16.  A  member  of  any  grade  in  the  Institute  may  resign  his 
membership  by  a  written  communication  to  the  Secretary, 
who  shall  present  the  same  to  the  Board  of  Directors;  where- 
upon, if  all  his  dues  and  other  indebtedness  have  been  paid,  as 
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provided  in  the  Constitution  and  By-Laws,  his  resignation  shaH 
be  accepted. 

17.  Upon  the  written  request  of  ten  or  more  Members  or 
Associates  that,  for  cause  stated  therein,  a  Member  or  Asso- 
ciate of  the  Institute  be  expelled,  the  Board  of  Directors 
shall  consider  the  matter,  and  if  there  appears  to  be  sufficient 
reason,  shall  advise  the  accused  of  the  charges  against  him. 
He  shall  then  have  the  right  to  present  a  written  defence,  and 
to  appear  in  person  or  by  duly  authorized  representative  before 
a  meeting  of  the  Board  of  Directors,  of  which  meeting  he  shall 
receive  notice  at  least  twenty  days  in  advance.  Not  less  than 
two  months  after  such  meeting,  the  Board  of  Directors  shall 
finally  consider  the  case,  and  if  in  the  opinion  of  the  Board  of 
Directors  a  satisfactory  defence  has  not  been  made,  and  the 
accused  member  has  not  in  the  meantime  tendered  his  resigna- 
tion, he  shall  be  expelled. 

ARTICLE  IV. 
Dues. 

18.  The  entrance  fee,  payable  on  admission  to  the  Institute 
shall  be  five  (5)  dollars.  A  fee  of  ten  (Id)  dollars  shall 
be  paid  on  transfer  to  the  grade  of  Member,  which  shall  in- 
clude the  fee  for  a  diploma. 

19.  The  annual  dues  shall  be  fifteen  (15)  dollars  for  Members 
and  ten  (10)  dollars  for  Associates. 

20.  Honorary  Members  shall  be  exempt  from  all  payments. 

21.  Persons  elected  after  any  portion  of  the  fiscal  year  shall 
have  expired,  shall  pay  dues  pro  rata  for  the  imexpired  quar- 
ters of  that  fiscal  year. 

22.  A  Member  or  Associate  in  good  standing,  by  the  single 
pa)rment  of  two  hundred  (200)  dollars,  in  addition  to  his  en- 
trance fee,  shall  become  exempt  from  all  future  pa5rments 
for  dues  or  transfer  fee.  The  money  thus  paid  shall  be  invested 
as  a  special  fund,  to  be  known  as  the  "  Life  Membership  Fund," 
from  which  there  shall  be  taken  out  and  appropriated  for  the 
general  expenses  of  the  Institute  each  year  until  the  death 
or  resignation  of  said  Member  or  Associate,  the  sum  of  ten  (10) 
dollars.  Upon  the  death  or  resignation  of  any  such  Member  or 
Associate,  the  residue  from  said  pavment.  including  the  interest 
tliereon,  remaining  in  the  said  fund,  shall  be  transferred  to  the 
general  fund  of  the  Institute. 
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23.  A  Member  or  Associate  who  has  been  dropped  as  delin- 
quent may  be  reinstated  by  the  Board  of  Directors  upon  pay- 
ment of  all  back  dues,  retaining  his  original  date  of  election, 
and  shall  be  entitled  to  a  complete  file  of  the  published  Trans- 
actions corresponding  with  said  payment,  provided  the  same 
are  available. 

ARTICLE  V. 
Officers. 

24.  The  officers  of  the  Institute  shall  be  a  President,  six 
Vice-Presidents,  twelve  Managers,  a  Secretary,  and  a  Treasurer, 
who  shall  hold  office  as  follows: 

25.  The  President,  the  Secretary,  the  Treasurer,  for  one 
year,  the  Vice-Presidents  for  two  years,  and  the  Managers  for 
three  years.  The  President,  Vice-Presidents  and  Managers,  shall 
not  be  eligible  for  immediate  re-election  to  the  same  office,  A 
Vice-President  shall  not  be  eligible  for  immediate  election  to 
the  office  of  Manager.  At  each  Annual  Meeting,  the  President, 
three  Vice-Presidents,  four  Managers,  the  Secretary  and  the  Treas- 
urer shall  be  elected  in  the  manner  prescribed  below,  and  their 
terms  of  office  shall  commence  on  the  first  of  August  next  suc- 
ceeding their  election. 

26.  The  terms  of  the  Officers  elected  at  the  Annual  Meeting 
at  which  this  constitution  is  adopted,  shall  begin  on  the  fourth 
Friday  in  September  following,  instead  of  on  the  first  of  August, 
as  provided  in  Section  25. 

27.  A  vacancy  in  the  office  of  President  shall  be  filled  by 
the  senior  Vice-President ;  a  vacancy  in  the  office  of  Vice-Presi- 
dent shall  be  filled  by  the  senior  Manager.  Seniority  between 
officers  of  same  rank  and  date  of  election  shall  be  determined 
by  the  date  of  their  election  as  Associates.  All  other  vacancies 
shall  be  filled  by  the  Board  of  Directors  for  the  unexpired  term. 
Such  succession  to  office  or  appointment  by  the  Board  of  Di- 
rectors shall  not  render  an  officer  ineligible  for  immediate  elec- 
tion to  the  same  office. 

28.  No  officer  shall  receive,  directly  or  indirectly,  any  salary, 
compensation  or  emolument  from  the  Institute,  either  as  such 
officer  or  in  any  other  capacity,  unless  authorized  by  a  vote 
of  a  majority  of  the  entire  Board  of  Directors. 

29.  No  officer  shall  be  interested,  directly  or  indirectly,  in 
any   contract   relating   to   the   operations   conducted   by  the 
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Institute,  nor  in  any  contract  for  furnishing  supplies  thereto, 
unless  expressly  authorized  by  the  By-laws  or  by  the  unani- 
mous vote  of  the  members  of  the  Board  of  Directors  present 
at  any  meeting. 

ARTICLE  VI. 
Election  of  Officers. 

30.  During  the  first  week  in  February  of  each  year,  the  Secre- 
tary shall  mail  or  deliver  to  each  Member  and  Associate  of  the 
Institute,  a  list  of  all  Members  and  Associates,  together  with 
a  form  showing  the  offices  to  be  filled  at  the  ensuing  annual 
election  in  May,  and  containing  the  names  of  the  incum- 
bents and  a  copy  of  sections  30  and  31  of  this  Article,  with 
the  request  that  nominations  be  made  for  the  various  offices  to  be 
filled.  These  nominations  shall  not  be  signed,  and  shall  be 
enclosed  in  an  envelope,  identified  on  the  face  by  the  name  of 
the  sender  and  mailed  to  the  Secretary.  To  be  considered, 
nominations  must  reach  the  Secretary  prior  to  March  first. 
The  nomination  ballots  shall  be  counted  and  canvassed  by  the 
Committee  of  Tellers  appointed  as  provided  in  Sections  34  and  35. 

31.  The  Committee  of  Tellers  shall  submit  to  each  member  of 
the  Board  of  Directors  prior  to  the  March  meeting,  a  classi- 
fied list  of  all  nominations  received,  from  which  the  Board  of 
Directors  shall  prepare,  during  the  month  of  March,  a  com- 
plete ticket,  to  be  headed:  Directors'  Nominees,"  containing 
the  names  of  those  whom  the  Board  of  Directors  deem  best 
suited  for  the  offices  falling  vacant;  provided  that  upon  the  re- 
quest of  two  Directors  at  the  meeting  at  which  the  "  Directors* 
Nominees  "  ticket  is  prepared,  the  name  of  a  second  nominee 
for  President  shall  be  placed  on  the  ticket,  selected  from  the  four 
names  receiving  the  highest  number  of  nomination  votes  for  Presi- 
dent, and  provided  further,  that  upon  the  request  of  two  Directors 
at  the  same  meeting,  the  names  of  one  or  more  additional 
nominees  for  Vice-President,  and  upon  like  request,  the  names 
of  one  or  more  additional  nominees  for  Manager  shall  be  placed 
upon  the  ticket.  The  names  on  the  Directors*  Nominees 
ticket  shall  be  listed  in  the  order  of  the  number  of  nomination 
votes  received,  beginning  with  the  highest  nimiber.  This  ticket 
shall  be  printed  on  the  same  sheet  with  a  second  list,  headed 

*  General  Proposal  List,**  containing  all  the  eligible  names  pro- 
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posed,  and  the  number  of  votes  cast  for  each;  provided  that 
no  name  shall  appear  which  shall  not  have  received  at  least 
three  per  cent,  of  the  entire  nimiber  of  "otes  cast. 

32.  The  voting  for  officers  shall  be  restricted  to  the  names  of 
the  **  Directors'  Nominees  "  and  the  names  on  the  General 
Proposal  List  provided  for  in  section  31  of  this  Article.  This 
List,  together  with  an  envelope  on  which  shall  be  printed 
the  title  of  the  Institute,  the  name  and  address  of  the  Secre- 
tary and  the  words  "  Official  Voting  Envelope — Enclosing  a 
Ballot  Only,"  shall  be  mailed  by  the  Secretary  not  later  than 
the  first  day  of  April,  to  every  Member  and  Associate, 
together  with  a  copy  of  sections  32  and  33  of  this  Article ;  pro- 
vided that  any  qualified  Member  or  Associate  not  having  a 
ballot  and  envelopes  shall  be  entitled  to  obtain  them  from  the 
Secretary  at  any  time  before  the  first  day  of  May. 

33.  All  names  voted  for  shall  be  written,  printed  or  other- 
wise marked  on  a  single  ticket  or  ballot,  which  shall  be  enclosed 
in  a  sealed,  unmarked  and  unidentified  inner  envelope  of  any 
suitable  character,  which  shall  in  turn  be  enclosed  either  in 
the  "  Official  Voting  Envelope  "  (received  from  the  Secretary), 
or  any  other  envelope,  marked  on  its  face,  "  Non-Official  Voting 
Envelope — Enclosing  a  Ballot  Only."  The  outer  envelope  of 
either  class  shall  be  identified  by  the  name  of  the  sender  on  its 
face,  shall  be  sealed,  and  in  order  to  be  coimted,  shall  reach  the 
Secretary  not  later  than  the  first  day  of  May.  The  Secretary 
shall  preserve,  unopened,  for  ninety  days,  all  ballots  received 
after  the  first  day  of  May. 

34.  The  President,  at  the  Directors'  meeting  to  be  held  in 
February,  shall  appoint,  subject  to  the  approval  of  the  Board 
of  Directors,  five  Members  or  Associates,  not  members  of  the 
Board  of  Directors,  to  constitute  the  Committee  of  Tellers; 
should  this  Directors*  meeting  not  be  held,  the  President,  pre- 
vious to  the  twenty- first  of  February,  shall  appoint  this  Com- 
mittee by  letter  to  the  Secretary,  who  shall  notify  the  members 
thereof. 

35.  Any  Member  or  Associate  who  shall  deliver  to  the  Secretary 
on  or  before  the  first  day  of  March,  a  written  petition  signed 
by  at  least  twenty  Members  or  Associates,  stating  their  desire 
that  he  be  a  member  of  the  Committee  of  Tellers,  shall  also 
be  a  member  of  that  Committee;  provided  that  the  afore- 
said signatures  shall  not  have  appeared  on  another  similar 
petition. 
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36.  The  Committee  of  Tellers  shall  meet  at  the  office  of  the 
Institute  as  soon  after  the  first  day  of  May  as  possible, 
and  shall  receive,  unopened,  all  ballots  from  the  Secretary, 
who  shall  also  make  to  it  a  written  report  of  the  number  of 
ballots  received  on  and  before,  and  after,  the  first  day  of  May. 
It  shall  forthwith  proceed,  in  secret,  to  coimt  the  vote, 
and  shall  prepare  and  sign  in  duplicate  a  report  of  the  results 
of  the  vote,  which  shall  be  sealed,  and  of  which  one  copy  shall 
forthwith  be  filed  with  the  Secretary,  and  of  which  the  other 
copy  shall  remain  in  possession  of  the  Chairman  of  the  Committee 
who  shall  hand  this  report  to  the  presiding  officer  at  the  ensuing 
Annual  Meeting.  In  the  absence  of  this  report  by  the  Chairman 
of  the  Committee,  the  Secretary  shall  produce  the  duplicate 
copy,  and  hand  the  same  to  the  presiding  officer  of  the  meet- 
ing. The  presiding  officer  shall  cause  the  report  to  be  read, 
at  the  first  session  of  the  Annual  Meeting  and  shall  declare 
duly  elected  the  eligible  persons  receiving  the  greatest  number 
of  votes  for  the  respective  offices. 

ARTICLE  VII. 

Management.    Duties  of  Officers  and  Committees. 

37.  The  affairs  of  the  Institute  shall  be  managed  by  a  Board 
of  Directors  imder  this  Constitution  and  the  general  provisions 
of  the  laws  under  which  it  is  incorporated.  The  Board  of 
Directors  shall  consist  of  the  President,  two  Jimior  Past-Presi- 
dents, the  Vice-Presidents,  the  Managers,  the  Secretary  and  the 
Treasurer. 

38.  The  Board  of  Directors  shall  have  such  powers  and  duties 
as  are  prescribed  by  statute  for  a  Board  of  Directors. 

39.  The  Board  of  Directors  shall  direct  the  investment  and 
care  of  the  funds  of  the  Institute,  shall  make  appropriations 
for  specific  purposes,  shall  pass  upon  all  applications  for  ad- 
mission or  for  transfer,  shall  act  upon  all  questions  of  exptdsion 
of  members,  shall  appoint  all  employees  and  fix  their  salaries, 
and  in  general  shall  direct  the  business  of  the  Institute,  either 
itself  or  through  its  officers  and  committees. 

40.  The  Board  of  Directors  shall  prepare  and  adopt  a  series 
of  By-laws  which  shall  govern  its  procedure  and  that  of  the 
Committees,  under  this  Constitution.  Such  By-laws  shall  be 
adopted  or  may  be  amended  by  a  concurring  vote  of  not  less 
than  twelve  (12)  members  of  the  Board  of  Directors;  provided. 
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that  the  text  of  a  proposed  By-law  or  amendment  shall  be  fur- 
nished to  each  member  of  the  Board  of  Directors  at  least  ten 
days  before  the  meeting  at  which  a  vote  on  the  same  will  be 
taken. 

41.  The  President  shall  have  general  supervision  of  the  affairs 
of  the  Institute,  under  the  direction  of  the  Board  of  Directors. 
He  shall  preside  at  the  meetings  of  the  Institute,  and  of  the 
Board  of  Directors  at  which  he  may  be  present,  and  shall  be 
eX'Offlcio  member  of  all  committees.  He  shall  deliver  an 
address  at  the  Annual  Convention.  The  Vice-Presidents,  or  in 
their  absence,  the  Managers,  in  order  of  seniority,  shall  preside 
at  meetings  of  the  Institute  and  the  Board  of  Directors  in 
the  absence  of  the  President,  and  shall  discharge  his  duties 
in  case  of  a  vacancy  in  the  office.  The  President  shall  appoint 
the  standing  committees  of  the  Institute.  He  may  also  ap- 
point special  committees  from  time  to  time. 

42.  The  Secretary  shall  be  the  executive  officer  of  the 
Institute  tmder  the  direction  of  the  President  and  the 
Board  of  Directors,  He  shall  attend  all  meetings  of  the 
Institute  and  of  the  Board  of  Directors,  and  record  the 
proceedings  thereof.  He  shall  collect  and  deposit,  subject  to 
the  order  of  the  Treasurer,  all  moneys  due  the  Institute,  re- 
porting such  deposit  to  the  Treasurer,  who  shall  receipt  for 
the  same.  He  shall  personally  certify  the  accuracy  of  bills  or 
vouchers  on  which  money  is  to  be  paid,  and  shall  draw  and 
countersign  all  checks,  and  these  shall  be  signed  by  the  Treasurer 
when  such  drafts  are  known  to  him  to  be  proper,  and  duly 
authorized  by  the  Finance  Committee  and  in  accordance  with 
warrants  executed  by  the  Secretary.  He  shall  have  charge  of  the 
books  and  accounts  of  the  Institute.  He  shall  present  annually 
to  the  Board  of  Directors  a  balance  sheet,  and  from  time  to  time 
shall  furnish  such  statements  as  may  be  required.  He  shall 
conduct  the  correspondence  of  the  Institute,  and  shall  keep  full 
records.  He  shall  be  in  responsible  charge,  under  the  President 
and  the  Board  of  Directors,  of  all  the  property  of  the  Insti- 
tute. He  shall,  with  the  approval  of  the  Board  of  Directors, 
employ  such  clerical  force  as  may  be  necessary  and  shall  be 
responsible  for  the  work  of  all  employees  of  the  Institute.  He 
shall  perform  such  other  duties  as  may  be  assigne*^  to  him. 
His  entire  time  must  be  devoted  to  the  affairs  of  the  Institute, 
unless  otherwise  authorized  by  the  Board  of  Directors.     He 
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shall  be  paid  a  salary  to  be  fixed  by  the  vote  of  a  majority 
of  the  entire  Board  of  Directors. 

43.  The  Treasurer  and  the  Secretary  shall  invest  such  funds  as 
may  be  ordered  by  the  Board  of  Directors.  They  shall  also 
pay  bills  when  audited  by  the  Finance  Committee  and  ap- 
proved by  the  Board  of  Directors.  The  Treasurer  shall  make 
an  annual  report  and  such  other  reports  as  may  be  prescribed 

44.  The  Board  of  Directors  may  delegate  any  or  all  of  its 
powers  to  an  Executive  Committee  of  seven  members,  consist- 
ing of  the  President,  the  Secretary,  and  the  Treasurer,  ex- 
officio,  and  four  other  members  of  the  Board  of  Directors, 
which  committee  shall  conduct  the  affairs  of  the  Board  of 
Directors  between  its  meetings. 

45.  The  Board  of  Directors  or  the  Executive  Committee  (sub- 
ject to  the  direction  of  the  Board)  may  at  any  time  authorise 
any  officer,  director,  or  other  person  to  perform  any  acts  or 
functions,  which  in  the  Constitution  or  By-laws  may  be  pre- 
scribed to  be  performed  by  any  specified  officer  or  other  person, 
whenever  by  reason  of  death,  absence,  disability  or  other  cause, 
sufficient  ground  therefor  shall  appear  to  the  Board  or  Execu- 
tive Committee. 

46.  The  Standing  Committees  to  be  appointed  by  the  Presi- 
dent as  specified  in  section  41  shall  be  the  following: 

A  Finance  Committee  of  three  members. 

A  Library  Committee  of  five  members. 

A  Meetings  and  Papers  Committee  of  five  members. 

An  Editing  Committee  of  three  members. 

A  Board  of  Examiners  of  five  members. 

A  Sections  Committee  of  five  members. 

A  Standards  Committee  of  nine  members. 

A  Code  Committee  of  seven  members. 

A  Law  Committee  of  five  members. 

The  Board  of  Directors  may  appoint  auxiliary  members  to 
any  committee.  The  members  of  the  Finance  Committee  shall 
all  be  members  of  the  Board  of  Directors.  All  other  stand- 
ing committees  shall  include  at  least  one  member  of  the 
Board  of  Directors.  All  members  of  the  Board  of  Examiners 
shall  be  Members  of  the  Institute.  All  committees  shall  be 
directly  responsible  to  the  Board  of  Directors,  and  shall  act 
under  its  directions.  The  Board  of  Directors  may,  at  any 
time,  at  its  own  discretion,  remove  any  or  all  members  of  any 
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committee  and  appoint  others.  The  terms  of  the  members 
of  all  standing  and  special  committees  shall  terminate  at  the 
close  of  the  first  meeting  of  the  Board  of  Directors  following 
the  Annual  Meeting. 

47.  All  official  communications  of  committees  to  the  Board 
of  Directors  shall  be  made  through  the  Secretary  unless  other- 
wise specially  ordered  by  the  Board  of  Directors. 

48.  In  addition  to  the  duties  and  powers  hereinafter  ascribed 
to  committees,  these  committees  shall  perform  such  other 
duties,  and  shall  have  such  other  powers,  as  may  be  specified 
in  the  By-laws,  or  as  may  be  delegated  to  them  by  the  Board 
of  Directors. 

49.  The  Finance  Committee  shall  have  direct  supervision  of 
the  financial  affairs  of  the  Institute.  It  may  employ  an 
expert  accoimtant  to  assist  in  auditing  the  accounts.  It  shall 
approve  all  bills  before  payment,  and  shall  make  recommenda- 
tions to  the  Board  of  Directors  regarding  the  investment  of  mon- 
eys, and  all  specific  appropriations.  No  payments  other  than  for 
routine  office  expenses  shall  be  made  by  the  Secretary  or  Treas- 
urer except  upon  the  authorization  of  the  Finance  Committee. 

50.  The  Library  Committee  shall  have  general  supervision 
of  the  Library  of  the  Institute.  The  committee  shall  make 
recommendations  to  the  Board  of  Directors  with  reference  to 
the  Library,  and  shall  direct  expenditures  for  books  or  other 
articles  for  the  same,  of  such  sums  as  may  be  appropriated  for 
these  purposes. 

51.  The  Meetings  and  Papers  Committee  shall  arrange  for 
the  meetings  of  the  Institute,  and  for  the  preparation  and 
discussion  of  the  papers  to  be  presented  before  the  Institute. 
The  committee  shall  decide  all  questions  regarding  the  accept- 
ance or  rejection  of  any  paper  submitted  for  presentation  before 
the  Institute,  and  all  questions  regarding  the  publication  of 
papers  presented  before  the  Institute  or  any  of  its  Sections. 

52.  The  Editing  Committee  shall  edit  all  discussions  of  the 
papers  presented  at  any  meeting  of  the  Institute,  and  all 
communications  in  reference  thereto,  and  shall  decide  all  ques- 
tions regarding  the  publication  of  discussions  and  communica- 
tions in  the  Proceedings  and  Transactions  of  the  Institute 
or  otherwise. 

53.  The  Board  of  Examiners  shall  pass  upon  the  qualifica- 
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tions  of  all  applicants  for  election  or  for  transfer,  whose  appli- 
cations have  been  received  by  the  Secretary,  and  which  are  in 
conformity  with  Sections  10,  11,  and  12  of  Article  3,  and  it 
shall  report  its  findings  to  the  Board  of  Directors  for  action. 

54.  The  Sections  Committee  shall  have  the  general  super- 
vision and  management  of  the  Sections  and  Branches  of  the 
Institute.  The  conmiittee  shall  confer  with  the  Sections 
and  Branch  officers,  and  it  shall  consider,  investigate,  and 
make  reports  and  recommendations  to  the  Board  of  Directors 
for  action  upon  all  matters  regarding  or  involving  the  interests 
and  the  welfare  of  Sections  and  Branches,  or  the  relations  be- 
tween these  organizations  and  the  Institute. 

55.  The  Standards  Committee  shall  consider  and  investigate 
all  matters  relating  to  imits  and  standards  appertaining  to  or 
applicable  in  electrical  engineering  and  in  the  allied  arts  and 
sciences.  The  Committee  shall  make  reports  and  recom- 
mendations to  the  Board  of  Directors  for  action  thereon. 

56.  The  Code  Committee  shall  consider  and  investigate  all 
matters  relating  to  the  formulation  of  rules  for  the  protection 
of  persons  and  property  against  fire  and  other  hazards  in  con- 
nection with  electrical  installations  and  equipments,  and  shall 
confer  with  similar  committees  of  other  bodies  regarding  the 
same.  The  Committee  shall  make  reports  and  recommenda- 
tions to  the  Board  of  Directors  for  action  thereon. 

57.  The  L^w  Committee  shall  consider  and  investigate  all 
matters  relating  to  the  Constitution  and  By-laws  of  the  In- 
stitute, the  duties  and  jurisdiction  of  its  officers  and  commit- 
tees, its  legal  status  and  responsibihties  and  Uke  legal  and 
cognate  questions;  also  all  other  matters  referred  to  it  by  the 
Board  of  Directors,  the  President  or  the  Secretary.  The  Com- 
mittee shall  make  reports  and  recommendations  to  the  Board 
of  Directors  for  action  thereon.  The  Committee  may  consult 
legal  and  technical  counsel  with  reference  to  any  question 
before  it. 

58.  The  Board  of  Directors  may,  at  its  discretion,  appoint 
Local  Honorary  Secretaries  to  represent  the  Institute  in 
foreign  countries.  Such  appointments  shall  be  made  for  a 
period  of  two  (2)  years  and  may  be  renewed. 

59.  The  following  niunbers  shall  constitute  a  quorum  of  the 
Board  of  Directors: 

For  all  business  prescribed  by  statute  for  a  Board  of  Directors 
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—twelve  members  or  such  larger  number  as  the  statute  may 
require. 

For  expulsion  of  Members — fifteen  members. 

For  all  other  business — five  members. 

60.  Unless  otherwise  specifically  provided  in  this  Constitu- 
tion, the  action  of  the  Board  of  Directors  shall,  in  all  cases, 
be  determined  by  the  concurring  vote  of  a  majority  of  the 
members  present,  providing  there  exists  the  quorum  required 
for  the  particular  business. 

ARTICLE  VIII. 
Meetings. 

61.  The  Annual  Meeting  of  the  Institute  shall  be  held 
in  the  city  of  New  York,  beginning  on  the  second  Friday  in  May, 
when  a  report  of  the  proceedings  of  the  Institute  for  the  past 
fiscal  year  shall  be  furnished  by  the  Board  of  Directors.  This 
report  shall  be  verified  by  the  President,  Treasurer  and  Secre- 
tary and  approved  by  the  Board  of  Directors.  It  shall  show: 
the  whole  amount  of  real  and  personal  property  owned,  where 
located,  where  and  how  invested ;  the  amount  and  nature  of  the 
property  acquired  during  the  past  fiscal  year  and  the  manner  of 
its  acquisition ;  the  amount  applied,  appropriated  or  expended 
during  the  year,  and  the  purposes,  objects  or  persons  to  or  for 
which  such  applications,  appropriations  or  expenditures  have 
been  made;  the  names  and  places  of  residence  of  persons  who 
have  been  admitted  to  membership  in  the  Institute  during 
such  year;  and  all  other  facts  bearing  upon  the  status  of  the 
Institute.  This  report  shall  be  filed  with  the  records  of  the 
Institute  and  an  abstract  thereof  entered  in  the  minutes  of 
the  Annual  Meeting.  The  reports  of  all  officers  and  of  the 
standing  committees  shall  be  presented  at  the  Annual  Meeting, 
and  the  vote  for  officers  for  the  ensuing  year  shall  then  be 
announced.  In  addition  to  the  above,  professional  papers 
and  the  discussions  thereof  arranged  for  by  the  Meetings  and 
Papers  Committee  may  be  presented,  and  any  other  business 
may  be  brought  before  and  transacted,  at  this  meeting. 

62.  There  shall  be  held  outside  of  the  city  of  New  York  not 
later  than  August  first  an  Annual  Convention  of  the  Institute, 
for  the  presentation  and  discussion  of  professional  papers,  and 
for  the  transaction  of  other  business  not  affecting  the  organiza- 
tion or  policy  of  the  Institute.      All  questions  affecting  the 
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organization  or  policy  of  the  Institute  may  be  brought  up  for 
discussion  at  this  Convention,  and  may  be  referred  by  a  ma- 
jority vote  to  the  Board  of  Directors,  with  recommendations. 
The  time  and  place  of  such  Convention  shall  be  fixed  by  the 
Board  of  Directors. 

63.  Special  meetings  of  the  Institute  for  the  transaction  of 
business  may  be  called  by  the  Board  of  Directors  at  any  time, 
by  written  notice  stating  the  specific  object  thereof  maiiled  to 
each  Member  and  Associate  at  least  thirty  (30)  days  prior  to 
the  date  of  said  meeting. 

64.  Other  meetings  of  the  Institute  may  be  held  at  such 
times  and  places  as  the  Board  of  Directors  shall  select,  at 
which  no  business  affecting  the  organization  or  policy  of  the 
Institute  shall  be  transacted.  Notice  of  all  meetings  specified 
in  this  Article  of  the  Constitution  shall  be  sent  by  mail,  or  other- 
wise, to  all  Members  and  Associates,  at  least  ten  days  in  advance. 

ARTICLE  IX. 
Institute  Sections  and  Branches. 

65.  Whenever,  in  the  judgment  of  the  Board  of  Directors,  a 
sufficient  number  of  Members  and  Associates  shall  peti- 
tion, in  writing,  these  members  may  form,  subject  to  the 
Constitution  and  all  By-laws  and  regulations  which  may  be 
hereafter  prescribed  by  the  Board  of  Directors  a  Section  organ- 
ization for  the  purpose  of  more  effectually  carrying  out  the 
aims  of  the  Institute. 

66.  Any  Member  or  Associate  may  become  a  member  of  such 
Section,  but  a  Member  or  Associate  shall  be  entitled  to  vote, 
or  hold  office,  in  one  Section  only. 

67.  The  officers  of  each  Section  shall  consist  of  a  Chairman, 
a  Secretary,  and  such  other  officers  as  each  Section  may  find 
desirable.  These  officers  shall  be  elected  by  the  votes  of  the 
Members  and  Associates  of  that  Section,  in  the  manner  pro- 
vided in  the  Section  By-laws.  The  election  of  any  Member 
or  Associate  as  a  Section  officer,  shall  not  debar  him  from  elec- 
tion or  appointment  to  any  other  office  in  the  Institute. 

68.  The  Chairman  of  the  Section  shall  perform  the  duties 
usually  devolvinpf  upon  the  Chairman  of  any  organiza- 
tion, and  in  addition  shall  be  ex-officio  a  member  of  the  Sec- 
tions Committee  of  the  Institute.     He  shall  have  the  privilege 
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of  appearing  before  the  Board  of  Directors  at  any  meeting,  on 
giving  due  notice  of  his  intention  to  do  so»  for  the  ptirpose  of 
conference  with  the  Board  of  Directors,  in  regard  to  any  matters 
pertaining  to  the  affairs  of  the  Institute  in  his  Section.  The 
Chairman  shall  perform  such  other  duties  and  shall  have  such 
other  powers  as  may  be  delegated  to  him  by  the  Board  of 
Directors. 

69.  The  Secretary  shall  report  the  Proceedings  of  the  Section 
to  the  Secretary  of  the  Institute;  he  shall,  in  general,  discharge 
the  duties  of  a  Secretary  both  to  the  Section  itself  and  in  its 
relation  to  the  Institute;  he  shall  perform  such  other  duties 
as  may  be  prescribed  in  the  Section  By-laws,  or  in  the  By-laws 
of  the  Institute,  or  delegated  to  him  by  the  Board  of  Directors. 

70.  Each  Section  may  have  the  privilege  of  being  represented 
at  the  Annual  Convention,  by  an  official  delegate,  who  shall  be 
the  Chairman  of  that  Section,  or,  in  his  absence  or  inability  to 
attend,  by  an  alternate  delegate  selected  by  the  Section.  The 
official  delegate  attending  the  Annual  Convention  may  have  his 
expenditures  for  transportation  refunded  by  the  Institute,  as 
provided  in  the  By-laws. 

71.  The  Sections  may  hold  meetings  at  such  times  and  places 
as  may  be  determined  by  their  officers,  for  the  purpose  of  carry- 
ing on  their  work. 

72.  Any  Section  may  adopt  for  its  own  government  such 
By-laws  to  be  known  as  "  Section  By-laws  "  as  it  may  find 
expedient,  provided  that  no  provision  thereof  shall  be  in- 
compatible with  the  Constitution  or  the  By-laws  of  the  In- 
stitute. 

73.  University  Branches  may  be  formed  and  Student  meet- 
ings may  be  held  as  provided  in  the  By-laws. 

74.  Sections  and  Branches  may  be  dissolved  in  the  manner 
specified  in  the  By-laws  for  failure  to  comply  v.ith  the  Con- 
stitution and  By-laws  of  the  Institute. 

ARTICLE  X. 
General. 

75.  A  quorum  of  the  Institute  at  the  Annual  Meeting  shall 
consist  of  not  less  than  five  per  cent,  of  the  total  number  of 
Members  and  Associates,  present  in  person  or  by  proxy.  The 
same  number  shall  constitute  a  quorum  for  the  transaction  of 
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business  at  the  Annual  Convention  and  at  special  meetings 
called  as  provided  in  section  63. 

76.  Every  Member  or  Associate  entitled  to  vote  at  any  meet- 
ing may  so  vote  by  proxy,  signed  by  the  Member  or  Associate, 
and  filed  with  the  Secretary  before  the  meeting  at  which  it  is 
to  be  voted.  No  proxy  shall  be  valid  after  the  expiration  of 
eleven  (11)  months  from  the  date  of  its  execution,  unless  the 
Member  or  Associate  executing  it  shall  have  specified  therein 
the  length  of  time  it  is  to  continue  in  force,  which  shall  be  for 
some  limited  period.  Every  proxy  shall  be  revocable  at  the 
pleasure  of  the  person  executing  it. 

77.  The  Committee  of  Tellers  named  in  Article  VI.,  sections 
34-35,  shall  be  considered  a  proxy  committee  for  the  definite 
purpose  of  formally  voting,  at  the  annual  election,  letter  ballots 
named  in  Article  VI.,  sections  32-33.  and  canvassed  by  them 
as  stated  in  section  36. 

78.  The  fiscal  year  of  the  Institute  shall  terminate  with 
the  thirtieth  day  of  April. 

ARTICLE  XI. 
Amendments. 

79.  Amendments  to  this  Constitution  may  be  proposed  by 
means  of  a  petition  signed  by  not  less  than  one  hundred  (100) 
Members  or  Associates  and  received  by  the  Secretary  not  later 
than  February  first:  or  by  means  of  a  Resolution  adopted  by  the 
Board  of  Directors  not  later  than  Febniary  first.  Such  proposed 
amendment  or  amendments  shall  be  submitted  to  legal  counsel 
by  the  Board  of  Directors,  and  if,  in  the  opinion  of  such  cotmsel, 
they  are  in  accordance  with  the  laws  tmder  which  the  Institute 
is  organized,  a  copy  shall  be  mailed,  with  a  letter  ballot,  to  each 
Member  and  to  each  Associate,  not  less  than  sixty  (60)  days 
before  the  Annual  Meeting. 

80.  Votes,  to  be  considered,  shall  be  received  by  the  Secretary 
not  later  than  one  week  before  the  Annual  Meeting.  The  Sec- 
retary shall  hand  these  votes  unopened  to  the  Committee  of 
Tellers,  which  shall  count  such  votes  and  make  a  sealed  report 
to  the  Board  of  Directors  in  duplicate,  of  which  one  copy  shall 
forthwith  be  filed  with  the  Secretary,  and  of  which  the  other 
copy  shall  remain  in  possession  of  the  Chairman  of  the  Com- 
mittee, who  shall  hand  this  report  to  the  presiding  officer  at 
the  annual   meeting.     In   the   absence   of   this   report  by  the 
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Chairman  of  the  Committee  the  Secretary  shall  produce  the 
duplicate  copy  and  hand  the  same  to  the  presiding  officer  of  the 
meeting.  The  presiding  officer  shall  then  cause  the  report  to 
be  read.  If  the  total  vote  be  not  less  than  thirty  per  cent. 
(30%)  of  the  total  membership  of  the  Institute,  and  if 
seventy-five  per  cent.  (75%)  or  more  of  all  the  Members  and 
Associates  voting  shall  declare  themselves  in  favor  of  the  pro- 
posed amendment  or  amendments,  the  same  shall  become  a 
part  of  the  Constitution. 

81.  Amendments  shall  take  eflFect  thirty  (30)  days  after  their 
adoption,  but  officers  of  the  Institute  at  the  time  any  amend- 
ment becomes  effective  shall  continue  in  office  until  the  end 
of  the  terms  for  which  they  were  elected. 

82.  The  Secretary  shall  print  copies  of  the  amendments  as 
soon  as  practicable  after  adoption,  and  distribute  the  same  to 
Members  and  Associates. 
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CONSTANTS  AND  CABLES 


[April  25 


Discussion  on  "  Constants  of  Cables  and  Magnetic  Con- 
ductors ",  at  Schenectady,  April  25, 1907  (see  p.  555) 

W.  A.  Del  Mar  (by  letter) :  Mr.  Berg  may  well  be  surprised 
to  find  the  great  number  of  different  formulas  devised  to  ex- 
press the  inductance  of  a  pair  of  parallel  wires.  The  variety  of 
formulas  is  remarkable,  considering  that  a  simple  and  ac- 
curate formula  has  been  available  in  most  of  the  standard 
mathematical  treatises  on  electricity  from  Clerk  Maxwell  to 
Alex.  Russel. 

The  inductance  of  a  circuit  is  a  measure  of  the  magnetic 


Fig.  1 


energy  associated  with  the  current  in  it  and  is  defined  by  the 
following  well-known  equation: 

E  =  iLP 

where  E  =  energy  in  magnetic  field  interlinked  with  a  circuit 
of  inductance  L  carrying  an  unvarying  current  t.  In  the  case 
of  a  circuit  composed  of  two  parallel  wires,  the  size  of  which  is 
negligible  in  comparison  with  their  distance  apart,  the  in- 
ductance is  approximately  equal  to  the  total  flux  embraced 
by  the  circuit  due  to  unit  current  therein. 

In  the  paper  under  discussion  this  approximation  is  used  as 
the  basis  of  a  formula  which  is  apparently  intended  to  be  exact. 
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By  a  curious  the  coincidence,  the  exact  formula  is  of  the  form 

given  by  Mr.  Berg  as  an  approximation;  that  is,  it  contains  a 

2D                            D  —  r 
term  log  —^  instead  of  log ■     as  given   in  the   formula 

referred  to  above.  Even  using  the  approximation  as  a  basis, 
the  deductions  given  are  not  correct,  owing  to  an  error  in  the 
selection  of  the  limits  of  integration. 

When  two  conductors  carrying  currents  in  opposite  directions 
are  brought  into  proximity,  the  magnetic  whirls  around  the 
conductors  are  squeezed  together  and  the  axes  of  the  two 
whirls  are  pushed  away  from  the  axes  of  the  conductors.  In 
order  to  include  the  entire  flux,  the  integration  should,  therefore, 
have  been  extended  to  the  axes  of  the  whirls,  instead  of  merely 
between  the  axes  of  the  two  wires. 

This  is  shown  graphically  in  Fig.  1  in  which  the  ordinates 
of  the  curves  A  A  and  B  B  represent  the  flux  density  around  a 
pair  of  parallel  wires,  and  the  ordinates  of  the  curve  C  show  the 
resultant  flux  density  due  to  the  fields  of  the  two  wires.  It 
will  be  noted  that  the  curve  of  resultant  flux  density  crosses 
the  horizontal  axis  outside  the  axes  of  the  wires,  and  the  in- 
ductance will  be  the  entire  area  between  the  resultant  curve 
and  the  horizontal  axis.  The  area  of  this  curve  expressed  as 
a  formula  is  cumbersome  in  the  extreme  and  withal  useless, 
because  as  stated  above  it  is  based  on  incorrect  premises. 

The  equation  defining  inductance  is  stated  above  in  terms 
of  an  unvarying  current  because  the  flux  due  to  a  varying 
current  is  not  distributed  in  a  condition  of  equilibrium,  and  is 
therefore  not  a  definite  quantity  but  depends  upon  the  rate 
of  the  variation  of  the  current.  The  flux  due  to  unit  current 
varying  at  any  particular  rate  may  be  called  the  "  effective 
inductance  "  at  that  rate. 
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